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FOREWORD

These are the Subsystem Studies of the "Advanced Extravehicular Protective System
(AEPS) Study''. This effort was conducted by Hamilton Standard under coatract

NAS 2-6021 for the Ames Research Center of the National Aeronautics & Space Admin-
istration from July 1, 1970 to November 30,1971. The AEPS Study was directed by Mr.
James G. Sutton, and the principal investigators were Messrs. Philip F. Heimlich

and Edward H. Tepper.

Special thanks are due to Dr. Alan B, Chambers, Environmental Control Research Branch,
Biotechnology Division of the NASA Ames Research Center, Mr, William L. Smith,

Chief of Crew Equipment Office for Manned Space Flight, Life Sciences Office of NASA
Headquarters, and Mr. Thomas W. Herrala, Space Systems Departmeat of Hamilton
Standard for their advice and guidance.

This total report is contained in two volumes as listed below:

Volume I Final Summary Report
Volume I Subsystem Studies
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1.0 INTRODUCTION

The United States manned space effort planned for the late 1970's and the 1980's
consists of long duration missions with earth-to-orbit shuttles, orbiting space stations,
possibly lunar bases, and eventually Mars landings, Extravehicular activity (EVA)

is likely to take an increasingly important role in the completion of these future mis-
sions. However, with the potential of numerous EVA missions per man per week, the
use of expendables in the portable life support system may become prohibitively
expensive and burdensome, For future EVA missions to be effective :n the total sys-
tems context, the portable life support system may need to have a regenerable capabil-

ity.

The primary objective of the Advanced Extravehicular Protective System (AEFS) study
is to provide a meaningtul appraisal of various regenerable and partially regenerable
portable life support system concepts for EVA use in the late 1970's and the 1980's.

The first phase of the AEPS Study was eleven months in duration and was devoted to
an appraisal of portable life support system concepts for Space Station, Lunar Base
and Mars EVA missions, The second phase was six months in duration and was
devoted to an appraisal of portable life support system concepts for Shuttle EVA mis-
sions and emergency life support system concepts for Shuttle, Space Station, Lunar
Basc and Mars VA missions.

This volume presents the results of the Subsystem Studies. Initial identification and
evaluation of candidate subsystem concepts in the area of thermal conirol, humidity
control, CO2 control/O2 supply, contaminant control and power supply are discussed
in Section 2,0. The candidate concepts that were judged to be obviously non-competi-
tive were deleted from further consideration and the remaining candidate concepts
were carried into the go/no go evaluation. Conduction of the go/no go evaluation and
the subsequent results are described in Section 3. 0.

A detailed parametric analysis of each of the thermal/humidity control and CO2
control/O2 supply subsystem concepts which passed the go/no go evaluation was
conducted. The results of these parametric analyses are presented graphically in
Scetion 4. 0. Based upon the results of the parametric analyses, primary and second-
ary evaluations of the remaining candidate concepts were conducted as described in
Section 3. 0. These results and the subsystem recommendations emanating from these
results are discussed in Section 6.0. In addition, the parametric analyses of the
recommended subsystem concepts were updated to reflect the final AFPS specification
requirements and arc also presented in Section 6. 0. A detailed discussion regarding
the selection of the AEPS operating pressure level is presented in section 7.0, A
complete bibliography of the tests and references utilized in the conduction of the AEPS
study is listed in Section 8, 0

1-3/1-4
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2.0 INITIAL CONCEPT IDENTIFICATION AND EVALUATION

2.1 PHASE ONK EFFORT

The primary objeclive of phase one of the AEPS study was to provide 4 meaningful
appraisal of various regenerable and partially regenerable portable life support con-
cepts for EVA use on potential Space Station, Lunar Base and Mars landing missions
in the 1930's.

To ensure that the results of this effort were both meaningful and useful for future
related efforts, ilamilton Standard adopted a broad-based approach to candidale sub-
system concept identification. The whole gamut of concept approaches were investi-
gated with a specific effort on our part to preclude any prejudgment of concept value
prior to concept identification,

To promote candidiate concept identification, a thorough review of all available in-
house data was conducted. In areas where in-house data were incomplete, an exten~
sive literature survey was conducted and industry contacts were made, as required.
Once all data was assembled and candidate subsystem concepts identified, a prelimin-
ary evaluation was held to screen out the candidates that were obviously noncompetitive.
For purposes of the preliminary evaluation, all candidate concepts, unless specified
otherwise, were sized for the most stringent EVA mission, the eight (8) hour lunar
surface EVA misgion, in accordance with the Lunar Base AEPS specification. All
AEPS weight, AEPS power and vehicle impact estimates are presented in unils of
pounds. The vechicle impact estimates are based on a total of 180 EVA missions and
must be multiplied by the number of crewmen going EVA per day to obtain a total
vehicle impact. The assumed power, heat rejection and regeneration time penalties
are defined in Table 2-1,

;
PENALTY I AEPS VEHICLE
| watt-hrs watts
POWE a —_ .
OWER | 100 T 0.7 T
1 BTU lbs
EAT REJECTIO ; e 0. 04 —ee
HEA'T REJECTION | 1000 T 4 BTG /b
REGENERATION N | 12 hours
L TIME V in

TABLE 2-1 ASSUMED PENALTIES

This section summarizes the initial candidate subsystem concepts identified and the
results of the preliminary evaluation.

2.1.1 Thermal Control

The thermal control subsystem maintains thermal equilibrium of the suited erewman
and provides AEPS equipment ¢ooling, as required. The thermal loads imposed on
the thermal control system consist of the crewman's metabolic load, other AEPS
equipment loads and environmental heat lcak. The thermal control area has been
divided into the lollowing six (6) basic categories to facilitate concept identification

and preliminary evaluation:
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2, 1.1 (continued)

Expendable
Conduction
Convection
Radiation

Thermal Storage
Energy Conversion

In addition, a seventh category entitled "hybrid" is also included. Hybrid subsystem
concepts are a combination of two or more concepts of any of the six basic categories.

2.1.1.1 Expendable - Expendable thermal control concepts utilize the heat of sublima-
tion or vaporization of the expendable and subsequent exhaust of the expendable into the
ambient environment to reject heat and provide thermal control. A list of potential ex-
pendables for use in an AEPS configuration is as follows:

The

2o

ooy oo

Water (H20)

Hvdrogen Peroxide (H202)
Ammonia (NH3)

Carbon Dioxide (CO2)
Methane (CH4)

Cryogenic Oxygen
Cryogenic Hydrogen
Feces/Urine Sludge

expendable water thermal control concepts identified are:

Water Boiler {Figure 2-1)

Super-Cooled Water Boiler (Figure 2-2)

Super-Cooled Water Boiler with Vapor Regenerative Cooling (Figure 2-3)
Water Sublimator (Figure 2-4)

Super-Cooled Water Sublimator (Figure 2-5)

Super-Cooled Water Sublimator with Vapor Regenerative Cooling (Figure 2-6)
Plate Fin Flash Evaporator

Nonsteady State Pulse Feed Flash Evaporator

Static Vortex Flash Evaporator

Turbine- Rotary Vortex Flash Evaporator (Figure 2-7)

Motor-Rotary Vortex Flash Evaporator (Figure 2-8)

Multi-Stage IFlash Evaporator (Figure 2-9)

Vapor Diffusion Through Suit Pressure Valves (Figure 2-10)

Vapor Diffusion Through Water Permeable Membrane ( Figure 2-11)

The expendable water thermal control concepts (with the exception of vapor diffusion
through water permeable membrane which requires an extremely large membrane
surface area) appear to be the only competitive expendable subsystems. They are
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2.1.1.1 {continued)

lighter, smaller, represent o minimun relative vehicle impact, and present no appre-

cianble handling or operational problems. In addition, water is an expendable which

is normally stored and readily available in all three mission vehicles (Space Station,
Lunuar Basce, Mars Excursion Module),

H202, as shown in figure 2-12, provides the dual function of O9 supply and w:ter supply
and may be stored on the Space Station and/or the Mars Excursion Module (MEM) as a
propellant. However, it represents three times the suit mounted weight and twice the
vehicle impact of a comparable water system.

Table 2-2 presents a relative comparison of expendable water subsystems with NHg,
CO2 and Cil4 subsystems. Nitrogen may be stored in any of our mission vehicies in
the forim of NH3 and therefore, the NH3 would be readily availabie as an expendanle
for an AERS thermal control subsystem. However, it simply does not trade—off
competitively relative to water,

Both CO» and CH4 are waste producis of a vehicle ECS and are normally vented
overboard, The Spacc Station Prototype (SSP) ETC/LSS, which is being designed

and developed by Hamilton Standard for the NASA Manned Spacecraft Center, nominally
vents overboard 3. 2 pounds of CO2 and 6. ¢ pounds of CHy per day for a 12 man crew.
Althougn these waste products could be used in an AEPS thermal control subsystem,
they are not produced in sufficient quantity for use in frequent FVA excursions. In
addition, there are handl ng and operational problems involved with storing and cooling
these waste products for EVA use.

i( i
EXPENDABLE AEPS WI | AEPS POWER | VEHICLE IMPACT |
NH3 Boiler T 68 0 5050+ !
NHg3 Sublimator ; 65 0 4500+ i
| |
] {
COy Boiler IR 0 24,300+ Less i
: I
| Vehicle Excess :
COy Sublimator || 149 0 | 11,700+ Less |
, | Vehicle Excess '
CHy Sublimator || 97 0 . 17,500+ Less §
! Vehicle Excess i
H20 Boilor Y 0 2700+ |
H2O Sublimator 28 0 2950+ '

TABLE 2-2., EXPENDABLE CONCEPTS
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2,1,1.1 (Continued)

An AEPS configuration utilizing cryogenic oxygen (Figure 2-13) for thermal control is

a relatively simple system which does not require active humidity control, CO2 control,
or trace contaminant control singe it is an open system, ilowever, it represents o
large vehlele impact because cryogenic Oy storage 18 not projected for mission yehicles
of the 1980's. In addition, approximatcly seventy (70) pounds of expendable eryogenic
()2 are required for each EVA mission,

A cryogenic hydrogen thermal control subsystem (¥igure 2-i4) has the same basic draw-
back as cryogenic O,; cryogenic H, storage is not projected for the mission vehicles

of the 1980's.

The use of feces/urine sludge presents operational/handling/psychological probicms

that make this concept unattractive.

In summary, the expendable concepts selected for further evaluation only utiiize water
and are:

a. Boiler

b, Super-cooled Boiler

¢ Sublimator

a Super-cooled Sublimator

C. Plate Fin Flash Evaporatlor

f. Motor-Rotary Flash Evaporator

g. Vapor Diffusion through Suit Pressure Valves

The concepts utilizing vapor regenerative cooling were eliminated because they provided
no advantage over the super-cooled concepts and, in fact, are heavier and more compiex
The two flash evaporator concepts selected were deemed the most competitive of the

six considered.

2.1.1.2 Conduction -~ Conduction was considered as a potential method of heat rejec—
tion for Lunar Base and Mars ©€VA missions. Conduction via the luanar soil is deemed
impractical because of the large heat transfer arca required (approximately 2000 square
fecot) due to the poor conductivity of the Iunar soil. However, conduction via the Martian
soil appears to be more promising because the presence of an atmosphere on Mars in-
creases the conductivity of the Martian soil. An analysis utilizing environmental data
gathered by Mariner 6 and 7 indicates that an AEPS configuration requires 5 square feet
of heat transfer area on a Murtian surface at a temperature of 20° F. Due to the prelim-
inary nature of the Mariner data and the widely varying Martian surface conditions, this
concept will be held in abeyance for future use.

2.1.1.3 Convectior: - Due to the presence of an atmosphere on Mars, free and forced
convection were considered as potential methods of heat rejection for Mars EVA mis-
sions, RBoth free convection and forced convection ( Figure 2-15) are noncompetitive due
to the large heat exchanger size and enormous compressor power required. The Hilsch
tube (Figure 2-16), which is an extension of the forced convection concept, was also
found to be noncompetitive.
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2.1.1.4 Radialion - Rad ation thermal contirol concepts are nonexpendable (except for
power) concepts that have three inherent problem areas when applied to an EVA applica-
tion: (1) large radiator aiea; (2) orientation; and (3) radiator surface degradation/con-
tamination. A number of direct cooling and indirect cooling concepts were considered
for the AEPS.

a,

b.

Direct cooling using either the LCG or heat pipes as the heat transport mecha-
nism (Figures 2-17 and 2-18),

Direct cooling using water adsorption, as shown in Figure 2-19, and utilizing
any of the water adsorbing chemicals listed in Table 2-3,

Indirect cooiing using heat pump cycles such as:

1)  Vapor compression refrigeration cycle using freon (Figure 2-20)
2) Water adsorption cycle using ammonia (Figure 2-21)

3) Waler adsorption eycle using lithium bromide (Figure 2-22)

4) Brayton cycle using air (Figure 2-23)

Of these concepts identified, the following concepts were selected for further evaluation
due to their lower relative AEPS weight and AEPS power impact:

a,
b.

C,

Direct cooling using either the LCG or heat pipes
Direct cooling using water adsorption with either of the following compounds:

1) LiBr « 3Hy0
2) CaCl2 « 6H2O
3)  NugSe * 16Hz0

Indirect cooling using a freon refrigeration cycle to minimize radiator area

2.1.1,5 Thermal Storage - Thermal storage concepts are regenerable concepts which
utilize the latent heat of fusion and/or the sensible heat capacity of a material to reject
heat. The following thermal storage concepts/compounds were identified and evaluated:

a.

b.

Subcooled ice (Figure 2-24) which has a heat of fusion of 144 Btu/lb at 32°F
and an average heat capacity (Cp) of 0. 37 Btu/lb-°F between -250° to + 32°F.
Transit 86, a thermal wax, which has a heat of fusion of 130 Btu/ib at 86°F
(Figure 2-25).

Sodium sulphate (Na2SO.; ¢ 10 H20), a eutectic salt, which has a heat of fusion
of 92 Btu/lb at 88°F (Figure 2-25).

Phosphonium chloride (PII4Cl) which has a heat of fusion of 324 Btu/lb at 82°F
and above 48 atmospheres. (Figure 2-25)

Hydrogen which has an average heat capacity (Cy) of 2. 15 between -250° to +
50°F (Figure 2-26).

Lunar or martian rock (Figure 2-27)

2-13
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2.1, 1.5 (Continued)

Of the six thermal storage concepts/compounds tdentified and evaluated, the {following
threc have been selected for further evaluation due to their lower AEPS welght and
AEPS power impact:

a. Subecooled ice
b. PH4CI
c. Hydrogen

2.1.1.6 Energy Conversion - Three modes of converting thermal energy into electrical
energy were investigated: (1) thermoelectric, (2)thermionic; and (3) thermodieleciric.
All of these concepts require high source temperatures and large differential tempera-
tures across the elements to attain efficiencies in the range of only 1 to 6%, There-
fore, these concepts are not considered practical for the AEPS application.

2.1.1.7 Hybrid - Based upon the results of the preliminary evaluation of the thermai
control concepts identified, the following hybrid thermal control concepts were selected
for {urther evaluation:

a, Expendable/Radiation - Direct cooling

b Expendable/Radiation - Heat Pump

c Expendable/Thermal Storage - Ice

d. Expendable/Thermal Storage - PH,/C}

e Radiation/Thermal Storage Ice

f. Radiation/Thermal Storage - PH, Cl

g, Thermal Storage - PH, Cl/Water Adsorption

2.1. 1.8 Summary - The thermal control subsystem concepts selected for further
evaluation are:

a. H,O Boiler

Super-cooled HBO Boiter

c. HZO Sublimator

Super-cooled H,0 Sublimator

Plate-fin IFlash Evaporator

Rotary Flash Evaporator

Vapor Diffusion thru Suit Pressure Valves

Radiation - Direct Cooling

Vapor Compression Refrigeration Cycle using Freon
HZO Adsorption - CaCly

H_ O Adsorption - Lil3r

H,O Adsorption NaoSe

imn. Thermal Storage Ice

=2

oo

— F T oo
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2.1.1.8 (Continued)

Thermal Storage Subeooled Ice

Thermal Storage - PH, Cl

Thermal Storage - Hy

Expendable/Radiation - Direct Cooling

T. Expendable/Radiation - Heat Pump
Expendable/Thermal Storage - Ice

t, Expendable/Thermal Storage - PH,Cl

u. Radiation/Thermal Storage - Ice

' Radiation/Thermal Storage - PH, Cl

w.  Thermal Storage - PHy C1/H,O Adsorption - CaCly
X. Thermal Storage - PH, Cl/H,0 Adsorption - LiBr
y.  Thermal Storage -~ PH, CI/H20 Adsorption - Na,Se

av e P

w

Humidity Control

The humidity control subsystem maintains the relative humidity within the space suit
al a comfortable level for the suited crewman, Water vapor enters the gas stream
as a product of crewman respiration and sweating and must be continually removed.

Selection of a humidity control subsystem is greatly dependent upon the thermal control
subsystem (and in some cases, the 002 control subgystem) selected. Therefore, we
have chosen only to identify the candidate humidity control subsystem concepts during
this phase of the study and to postpone evaluation and selection of the candidate concepts

until the system studies.,

The candidate humidity control subsystem concepts identified are as follows:

a. Condensing heat exchanger combined with any of the following "change-of-
momentum' type devices:

1)  Elbow wick separitor

2)  Elbow scupper separator

3} U-shaped gravity separator

4) Vortex gravity separator

)  Motor-driven rotory separator
6) Turbine<driven rotary separator

b.  Water vapor ad:orption utilizing a dessicant such as silica gel
c. Water emulsion formation and storage
d. Freezeout

1) Mechanical
2) Cryogenic



2.1, 2 {(Continued)

Q. Condensing heat exchanger in series with a hydrophobic/hydrophyllic screen
separator

f. Water vapor diffusion through permeable membranc

g. Condensation and separation utilizing a Hilsch tube

h. Utilization of electrical energy to provide separation by -

1y Electrolysis
2) Electrophoresis
3} Electroosmosis

I, Vapour dump

1) Open loop vent system
2} Semi-open loop vent system

2.1.3 CO2 Control

The CO2 control subsystem removes (and in some cases, concentrates) CQOg9 from the
vent stream to maintain the CO2 partial pressure below a predetermined level to
ensure safety of the suited crewman. The CO2 control area has been divided into four
(4) basic categories to facilitate concept identification and preliminary evaluation:

a. Expendable

h. Regenarable

c. Electrochemical
d. Mechanical

2.1.3.1 Expendable - Numerous solid COy sorbents were identified and classified into
four groupings, as defined in Tables 2-4 through 2-7. The metal hydroxides are listed
in Table 2-4, the metal superoxides in Table 2-5, the metal peroxides in Table

2~6, and the metal ozonides in Table 2-7. In addition to CO2 absorption, the
superoxides, peroxides and ozonides also generate oxygen,

As can be seen, LiOH and LJZOZ have the highest theoretical CO2 removal potential,
Correspondingly, they also have exhibited the highest actual CO, removal etficiency
in practice. Therefore, both these chemicals were selected to be carried forward
for further evaluation as representative of the expendable solid COy control concepts
(Figure 2-28).

An expendable liquid sorbent subsystem (Figure 2-29) using a KOH solution was inves-

tigated and found to be heavier, bulkder, and more complex than the solid sorbent
subsystems, and therefore, not as competitive.
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. TABLE 2-4
CARBON DIOXIDE ABSORPTION CAPABILITIES OF GROUP IA AND IlIA
METAL HYDROXIDES

' Lbs, CO,/Lb, Lbs, Hydroxide/
Hydroxide Formula Weight Wt, & H26§> HydToxide Lb, QO,
LiOH 23.95 37.62 0.919 1.089
MaOH 40.00 22.53 0.550 1.818
KOH 56,11 16,06 0,392 2,550
Mg (OH), 58,34 30,89 0.7%4 1.326
caloH), 74.10 24,32 0.594 1.684
Sr(OH), 121.65 14,81 0.362 2,765
Ba{OH}, 171,38 10,52 0.257 3.896
Raralyme(93 @ 87.50 29,75 0.503 1.988
Soda Lime(58-61)46.77 37.42 0,488 2,051

(Ibompositinn: 80 weight % CatOng, 20 weight % Ba(OHz -8H,0 which corresponds to
G 0.945 moles Ca{OH). and 0,055 moles Ba(®H),+8H,0.
ZComposition: 4.5 weight % NaOH, 17,5 weight % H,0, and %8 weight % Ca(OH), which

corre;ponds to 0.0582 moles NaOH, 6.4520 moles H,0, and 0.4858 moles
Ca(CH) .,
@ 14,0 based on MIO.HO or MLlo.H,0

492

TABLE 2-5
CARBON DIOXIDE ABSORPTION CAPACITIES OF GROUP IA AND [IA
METAL SUPEROXIDES

Lbs. CO,/Lb. Lbs. Superoxide/

Suroroxides Formula Wt. @ Available O Superoxide Lb, CO,
Li0Q, - 38.94 61.63 0.565 1.770
Ma0, 54,09 43.64 0.400 2,499
K0, 71.10 33,76 0.309 3.232
Mal0,), 88,32 54,35 0.498 2,007
ca(0,),  104.08 46.12 0.423 2,365
5i(0,),  151.63 31.66 0.290 3,446
Ba(0,), 201,26 23.84 0.219 4,575

Mix?g40 ides 72,31 31,24 0,358 2,794

GCorresponds to a mixture of 0,3 moles Na,0, to 1,4 moles KO,. At this composition
an R, U, of 0,83 is theoretically achieved: C.3 Na,0, + 0.5 0, —3> 0,3 Na,Cc0, +
(R-10°0y and 1.4 K0, + 0.7 (D, == 0,7 K,y +'1.2 0,
% available 0 based on (1/2 "MI0).1.50 of MiIp,1.50
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TABLE 2-6
CARBON DIOXIDE ABSORPTION CAPACITIES OF GROUP IA AND 1IA
METAL PEROXIDES

Lbs, CO,/Lb, Lbs, Peroxide/

eroxide TFormula Wt. % Available D " peroxide Lb. €O,
Li,0, a5.88 34.87 0.959 1.043
Na,0, 77.98 20.52 0.564 1,772
K,0, 110.20 14,52 0.399 2.504
Mgo, 51.32 28.41 0.781 . 1.280
Cal, 72,08 22.20 0.610 1.638
5i0, 119,63 13.38 0.365 2.719
Ba0, 169,36 2.4% 0,260 3.849

(D"i available O based on M}O'O or Moo

TABLE 2-7
CARBON DIOXIDE ABSORPTION CAPACITY OF GROUP IA METAL. OZONIDES

Lbs. ©0,/Lbs. Lbs. Ozonide/

Ozonide Formala Wt. % Avallable O Ozonide Lb, O,
1i0, 54,94 72.81 0.400 2,498
Nao, 70,09 56.35 0,310 3.227
) 87.10 45.92 0.253 3,959

3

(:)% available O based on (1/2 1l0).2,50 -——>= 1/2 mfo + 2.5 O.
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200301 (Continued)

A thivd type of expendable €O, control subsystem ovaluatad wag the purge flow concept
(Figure 2-30). This concept appears to be competitive only for infrequent short
duration EVA missions, and will not be considered further unless changes in AEPS
specification requirems nts make this a more desirable concept.

2.1.3.2 Regenerable - Numerous regenerable solid sorbent subsystem concepts were
identified and evaluated inclwling both cyclic (AEPS regenerable) and noncyelie (vehi-
cle regenerable) concepts, Activated charcoal and molecular sieve (Figures 2-31 and
2-32) arc physical adsorptive- Lype reactions while metallic oxides and solid amines
are chemisorption-type reactims.

The metallic oxides identified and evaluate are defined in Table 2-8, Table 2-9
defines the free energy change for the regencration of various metallic oxides whicn
have reacted with COy to forni a carbonate, The carbonates with the low positive free
energy values are the least stable and should be the easiest to regenerate.

The solid amine identified and evaluated is a proprietary compound prescntly being
developed by Hamilton Standard.

A summary of AEPS and vehicle impact for both the cyclic and noncyclic solid regener-
able sorbent subsystem canhdidate conecepts are shown in Tables 2-10 and 2-11, respec-
tively. The cyclic concepis which appear to be competitive are molecular sieve, met~-
allic oxides and solid amine while the noneyelic concepts which are competitive are

the metallic oxides. Although the noncyclic solid amine concept could be a viable com-
petitor if COo removal capacity can be dramatically increased, it has been excluded
from further evaluation for this study,

Two regenerable liquid sorbents, aqueous carbonate solution {(KpCO3) and a liquid
amine solution (PEL), werc identified and evaluated. A number of cyelic and noncvelic
schematic configurations were eviduated inciuding the two cyelie configurations shown
in Figures 2-33 and 2-31.  As shown in Tuble 2-12, only the cyelic coneepts are com-
petitive with the regenerable solid sorbents.

2.1.3.3 Electrochemical - Four electrochemical concepts were identified and evalu-
ated for potential use in an AEPS configuration. A hydrogen depolarized cell is shown
in Figurc 2~35 und two-stage and one-stuge carbonation cell concepls are shown in
Figures 2-136 and 2-37, respectively. FElectrodialysis {Figure 2-38) and fused salt
(l'igure 2-39) concepts, in addition to providing CO2 control, also provide a portion of
the oxygen muakeup requirements.  Although all of the electrochemical concepts ident-
ified and evaluated are complex bulky subsystems, the hydrogen depolarized cell con-
cept and the fused salt concept offer some unique advantages when combined into a
totally regenerable COg contrel/09 supply subsystem and were carried forward for

further evaluation.

2-206



AEPSWT

SUIT

@ DUMP VALVE

EJECTOR

|

REGULATOR
0, BOTTLE

AEPS POWER VEHICLE IMPACT

111

24 CREDIT 7760

'FIGURE 2-30. PURGE FLOW

2-217



SILiCA
it 0.+C0
0, +C0,+H0 BT
SIEVE
lHHS SILICA
6EL

AEPSWT AEPS POWER VEHICLE IMPACT
168 2.6 67+

FIGURE 2-31, MOLECULAR SIEVE — PART CYCLIC

SILICA Mol
GEL 0ec0 SIEVE
0,+C0,* H,0 _ 2 Ve
0,+H,0
2" e SILICA Mol
BEL SIEVE

AEPS WT AEPS POWER VEHICLE IMPACT
11 8.2 98

FIGURE 2-32, MOLECULAR SIEVE — CYCLIC

2-28



TABLE 2-38
CARBON DIOXIDE CAPACITIES OF GROUP IA AND IlA METAL OXIDES

Oxides Formula Yeight Lbs. 00,/Lbs. Oxide Lbs. Oxide/Lb. CU, Lbs.

L1,0 29.88 1.473 0.679
Ma,O 61.98 0,710 1.409
,0 94.20 0.467 2.141
M50 40,32 1,091 0.915
a0 - 56.08 0.785 1,275
S10 103.36 0.425 2,355
0" 153.36 0.287 , 3.485

I I I I
Assumed reaction - M,0 er M O + CO, —2 M,00, ori CQ,.

TABLE 2-9
THERMODYNAMIC STABILITIES OF GROUP | AND Il METAL CARBONATES

(A Fe refers to the reaction M§CD3 or MII(I)3 —_—

Mo or 1o + cu, at 25°C,)

Metal Cerbonate A Fo, keals./mole
Li,C0, + 42,56
NaZCOJ + 67.1
K, + £11.9
Rb Gy + 79.1
Cs, 00, + 79,9
Cuco, - 0.9
Ag,Qu, ‘ + 7.3
HgCu, +15.9
CaCo, + 31,3
SrCo, + 43,8
BaCO, + 50,0
ZnC0, + 4.4
Cd('D3 + 11.%
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TABLE 2-10

CYCLIC SUBSYSTEMS

SORBENT AEPS WT AEPS POWER VEHICLE IMPACT
ACTIVATED CHARCDAL 139 1.8 4240
MOLECULAR SIEVE 1 8.2 98

AEp 28 4.2 1890
0 10 1.0 83
SOLID AMINE 21 2 3
NONCYC:::B;UEB?\JSITEMS
SORBENT AEPS WT AEPS POWER VEHICLE IMPACT
ACTIVATED cunncuALk' 615 2 3
MOLECULAR SIEVE 168 5.6 67
Ag,0 i1b 2 1356
#n0 19 2 83
SOLID AMINE 87 2 3
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TABLE 2-12
REGENERABLE LiQUID SORBENTS
SORBENT||OPERATIONAL|AEPS| AEPS |VEHICLE!
MODE WT POWER IMPACT

K,CO, CYCLIC 18 246 320
K,CO;, NON CYCLIC |63 0.2 920
PEI CycCLiC 15 49 59

PEXI NON CYCLIC 41 0.2 160

e — I | S : B ,
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2o1.3040 Mechanical - Mechantead CO2 control concepts identified and evaluated are
classified into two categorices: (1) membrane diffusion and (2) freezeout. Pigure 2-40
depicts a simple membrane diffusion concept utilizing a CO2 permeable cellulose acetate
membrane, A complex but mor: efficient concept is the immobilized liquid membrane
diffusion concept shown in Figure 2-41. Mechanical freezeout and cryogenic freezeout
concepls are presented in Figures 2-42 and 2-43, respectively. All four concepts
appear to be too heavy and bulky to be competitive.

2.1.3.5 Summary - The CO2 control subsystem concepts selected for further evaluation
are:
a, LioH
. Cooled LiOH
c. Li O

d, Mo&lcéular Sieve - AEPS Regenerable
e, MgQ - Vehicle Regenerable

[, MgO - AE P& Regencrable

o, ZnQ - Vehicle Regenerable

h. Zn0O - AEPS Regenc rable

i. Solid Amine -~ AEPS Regenerable

je Aqueous K_CO_ - AEPS Regenerable

k. Tiquid Amfne a)EI) - AEPS Regenerable
1. H_ Depolarized Cel!l
m, Fused Salt

2.1.4 Oxygen Supply

The O9 supply subsystem maint:ings AEPS pressure and provides oxygen makeup
for ecrewman metabolic consumption and AEPS external leakage. Twelve candidate
oxygen supply concepts were considered in the four basic categories of:

a. Oxygen Storage

b. Solid Decomposition
. Liquid Decomposition
d. Wuter Electrolysis

2.1.1.1 Oxyvgen Storage - Oxvgon may be stored as a gas, liquid or solid, Gaseous
slorage is presented in Figure 2-44 for both 3000 and 6000 psi storage.

Oxygen may also be stored in the form of a crvogenie liquid, Supercritical and
suberitical storage ulilizing thermal pressurization are depicted in Figures 2-45
and 2-46 while subceritical slora se utilizing positive expulsion is shown in Figure
2-47, While the weight ad bull of the gaseous and cryogenic liquid concepts are
very similar, the cryogenic conepts are more complex. In addition, the mission
vehicles in the 1980's are not projected to provide cryogenic storage of oxygen.
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2.1.4.1 (Contlinued)

Solid oxygen storage is schematically depicted in Figure 2-48. Due to the extremely
low temperature of solid O2 storage, complex interfaces and operating procecdures
are required, thus making this concept very unattractive,

2.1.4.2 Solid Decomposition - Oxygen may be stored in the form of a solid chemical
and supplied as required to repressurize storage tankage or a depressurized cabin, as
depicted in Figure 2-49. This concept, due to the constant supply rate of the ignited
chemical, must either be designed for the maximum oxygen usage required during the
mission or include tankage and sequential ignition control of multiple candles: thus this
concept is two to three times the gaseous storage concept AEPS weight and vehicle im-
pact and is not competitive.

2.1.4.3 Liguid Decomposition - Figure 2-50 shows oxygen stored in the form of hydro-
gen peroxide. This system was sized to provide the oxygen required for metabolic
consumption and AEPS external leakage (versus the same system depicted in Figure
2-12 which was sized primarily to provide thermal control). The liquid water formed
as a result of the H202 decomposition is fed to the expendable water thermal control
system to provide supplemental cooling. This concept is only competitive if it is in-
tegrated with an expendable water thermal control subsystem.

Another oxygen supply candidate utilizing liquid decomposition is reactant storage
(Figure 2-51). This concept would only be considered if a two-gas AEPS system is
required.

2.1,4.4 Water Electrolysis - Oxygen supply utilizing water electrolysis is presented
in Figure 2-52. This concept will only be considered for oxygen supply in a totally re-
generable AEPS configuration in conhjunction with a CO29 reduction suhsystem producing
water.

2.1.4.5 Summary- Resulls of this preliminary evaluation indieate gaseous oxygen stor-
age is the simplest subsystem concept and has minimum bulk and minimum vehicle
impact. In addition, it is the only candidate concept which has the capability to rapidly
provide oxygen in the event of an emergency decompression of the AEPS. An evalu~
ation to optimize the gaseous storage pressure level will be conducted during the system
integration studies.

2.1.5 Oxygen Generation

The oxygen generation subsystem reduces the concentrated carbon dioxide input and
generates oxygen to provid: for crewman metabolic consumption and AEPS external
leakage. Three oxygen generation concepts were investigated and evaluated for utiliz-
ation in a totally regenerable AEPS configuration:
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2.1.5 (Continued)

a. Solid Flectrolyle (Figure 2-53)
b. Bosch Reactor, Water Electrolysis (Figure 2-54)
c. Sabatier Reactor/Water Electrolysis (Figure 2-55)

All three concepts are too bulky to be worn or carried by the crewman, but could
be carried on a cart and connected to the crewman via umbilicals. Tc ensure
further consideration of total regenerable CO2 control/O2 supply concepts, the
solid electrolyte and Sabatier reactor/water electrolysis concepts were carried
forward for further evaluation while the Bosch reactor/water electrolysis concept,
due to its larger bulk and severe carbon handling problem, was eliminated from
further consideration.

2.1.6 Combined COg Control/Oy Supply

The CO2 control, Oy supply and O2 generation concepts selected for further evaluation
were combined in accordance with the scheme defined in Table 2-13 to permit evalu-
ation of expendable, partially regenerable, and totally regenerable COg2 control/Og
supply subsystems during the remainder of the subsystems studies effort, Subsystem
functions are defined in the top column; subsystem type and where the regeneration is
performed is defined in the left~hand column; and each individual box defines where the
specific function is accomplished —- on the AEPS or in the vehicle,

2.1.7 Contaminant Control

The contaminant control subsystem maintains the concentration of trace gases,
biological micro-organisms, and particulate matter at acceptable levels so that
the health and comfort of the crewman is safeguarded.

In order to adequately design n contaminant control suhsystem for the AEPS, it is

necessnry (o define o0 model of the contaminant atmosphere,  The choice of con-
taminents in the model will he made prinelpally from those known to be hiologloaslly
generated,  In additlon to a lst of contaminants, the model will also inclade

generation rates and maximum allowable concentrations,

Determination of the AEPS contaminant model is dependent upon final selection of
AEPS subsystems and componentry. Therefore, we have chosen only to identify
the candidate contaminant control subsystem concepts during this phase of the
study and to postpone definition of the contaminant model and subsequent evaluation
and selection of the candidate concepts until the system studies.
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TABLE 213
COMBINED C0O,/02

TYPE €0, REMOYAL | CO,CONCENTRATION | GO, REBUCTION | 0, GENERATION | 0, SUPPLY
1. EXPENDABLE AEPS - - - AEPS
2.PART REGEN- :
AEPS Aers - e
VEHICLE
4 REGENERABLE- AEPS VENICLE VEHICLE VERICLE AEPS
VEHICLE
5. REGENERABLE - AEPS REPS VENICLE VEHICLE AEPS
AEPS & VEHICLE
6. REGENERABLE - AEPS AEPS AEPS VERICLE AEPS
AEPS L VEHICLE
1. REGENERABLE - AEPS AEPS AEPS AEPS -

AEPS
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2.1.7

{Continued)

The candidate contaminant control subsystem concepts identified are as follows:

a.

Trace gases -

1)
2)
3)
4)
5)

Membrane Separation

Physical adsorption

Chemical absorption

Converson to non-contaminating constituents
Conversion to 2 more easily controllable contaminant

Biological microorgunisms ~

1)
2)
3)
4)
5)

Filtration

Electrostatic precipitation
Impingement

Air centrifuge
Electrophoresis

Particulate matter

1)
2)

2.1.8 Power

Filtration
Debris trap

A general survey of power subsystems was conducted resulting in the identification
of 52 specific candidate concepts within the following basic categories:

a.

Nuclear Energy through -

¥
2)

3)

Fusion
Fission
Radioisotope

Solar Energy

Chemical Energy utilizing -

1)
2)
3)

NoHy4
Hy09
Li+ Fo

Electrochemical

1)
2)

Fuel cell
Battery
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2. 1.8 (Continued)

e, Mechanical Encrgy through -

1) Flywheel
2) Spring
3) Crewman power

Selection of a power subsystem concept is heavily dependent upon the required power
capacity for a given mission duration. Since the required power capacity had not

vet been defined for the AEPS, the preliminary evaluation was only a cursory one,

AEPS subsystems and components which may require electrical power are:

a. Communications and telemetry

b, Instrumentation and displays

c. Prime movers

d, COy control/Og supply subsystem
€. Thermal control subsystem

f. Humidity control subsystem

Once the CO2 control/O: supply, thermal control and humidity control subsystems
are selected, the AEPS jower requirement may be defined and a power subsystem
selected. For the purpcses of the remaining subsystem studies, the AEPS power
supply was assumed to e a lithium=-nickel halide battery with a power penalty of
100 watt-hours per pound. This selection will be updated and revised, as required,

during the systems studies.
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2.2 PHASE TWO EFFORT

The primary objectives of Phase Two of the AEPS Study were to provide a meaningful
appraisal of (1) portable life support concepts for EVA use on potential Space Shuttle
missions in the late 1970's and of (2) emergency portable life support concepts for
EVA use on potential Space Station, TL.unar Base, Mars Landing and Shuttle missions
for use in the time frames established by this study for each of the respective primary
portable life support systems.

2.2.1 Shuttle AEPS

The initial candidate concept identification and evaluation effort conducted during Phase
Two utilized the results of the Phase One effort as a baseline. Our experience during
Phase One permitted us to be more discriminating in the selection of candidate sub-
system concepts to be carried into the Go/No Go Evaluation, Of the following nine
candidate thermal control subsystem concepts selected to be carried into the Go/No

Go Fvaluation, only the vehicle umbilical concept had not been previously evaluated.

Water Boiler
Water Sublimator
Cryogenic 02

aoo g

Thermal Storage - PH 4Cl

Thermal Storage - Ice
Expendable/Radiation ~ Heat Pump
Expendable/Thermal Storage - PH 4Cl

Vehic le Umbilical
Cryogenic H2

A R

Seven candidate CO | control sybsystem concepts were selected to be carried into the
Go/No Go Evaluation. Of the following concepts, only the two vehicle umbilical con-
cepts and the vehicle regonerable metal hydroxide concept were not previousgly eval-
uated:

a. LiOH

h. 1412()2

c. Purge Flow - Vehicle Umbilical
d. Demand Flow - Vehicle Umbilical
e, Metallic Oxide

f. Solid Amine

g, Metal Hydroxide
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2.2.1 (Continued)

A schematic of the vehicle regenerable metal hydroxide concept is shown in figure
2"56.

Four candidate O_ supply subsystem concepts were selected to be carried into the Go/
No Go Evaluation, Of the following concepts, only the vehicle umbilical concept was
not previously evaluated,

a, Gaseous Storage

b. NaClO3

c. Vehicle Umbilical

d, H 20 p (with maneuvering only)

2.2.2 Emergency Systems

As with the Shuttle AE PS effort, the initial emergency system subsystem concept

identification and evaluation effort utilized the results of the Phase One effort as a
baseline. The candidate thermal control subsystem concepts carried into the Go/
No Go Evaluation were:-

a. Water Boiler

b. Water Sublimator

c. Thermal Storage - PH Cl

d. Thermal Storage - Eutectic Salt
e. Thermal Storage - Ice

f. Redundant Primary System

g, Vehicle Unibilical

Only the redundant primary system and the vehicle umbilical concepts had not been
previously cvaluated,

The following candidate 002 control subsystem concepts were carried into the Go/No
Go Evaluation:

a. Metal Oxides

b, lel)z

C. Metal Hydroxides
d. LL.iOH

e, K02

f. Solid Amine

g. Vehicle Umbilical
h, Purge Flow
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2.2.2  (Continucd)

The following candidate 02 supply subsystem concepts were carried into the Go/No
Go Evaluation:

a. Gaseous Storage
b. NaClO3 Candle

Ce Lizoz

d. KO2

e. Vehicle Umbilical

Only the vehicle umbilical CO

. control and O2 supply concepts had not been previously
evaluated.

2
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3.0 GO/NO GO EVALUATION

3.1 Go/No Go Evaluation Criteria

The determination of the AEPS Study selection criteria is based on a recognition that
some requirements are ibsolute, others are of primary importance, and still others
are secondary in that they are desirable but not absolutely necessary. The criteria
used as a basis for the primary AEPS subsystem selections are shown in Figure 3-1.
The criteria are applied sequentially in the groups shown to eliminate concepts that
fail in either an absolute (go/mo go) or comparative basis and to provide the basis for
selection between surviving candidates.

60/ MO 60 PRIMARY SECONDARY

CRITERIA b - =i CRITERIA t —  ~f CRITERIA

ABSOLUTE 1 RELATIVE - RELATIVE
-PERFORMANCE -VEHICLE EQUIV. WEIGHT -YEKICLE EQUIV. YOLUME
SAFETY -AEPS EQUIV. YOLUME - AEPS EQUIV. WEIGHT
“AVAILABILITY -RELIABILITY -IKTERFACE COMPATIBILITY
-CREW ACCEPTABILITY -OPERABILITY -MAINTAINABILITY

-FLEXIBILITY C0ST

FIGURE 3-1. PRIMARY AEPS EVALUATION CRITERIA

The criteria used us a basis for the AEPS Emergency System subsystem selections

are shown in Figure 3-2. 'The selection criteria for the Emergency System subsystem
concepts were reevaluated and revised due to the nature and manner of use of emergency
systems (versus the primary life support system). Note however that the go/no go
evaluation eriteria is unchanged.



3.1 (Continued)

GO/NO GO PIRIMARY

CRITERIA - CRITERIA

ABSOLUTE COMPARATIVE
¢ PERFORMANCE ¢ AEPS EQUIVALENT VOLUME
¢ SAFETY ¢ AEPS EQUIVALENT WEIGHT

® AVAILABILI'TY
o CREW ACCHPTABILITY

FIGURE 3-2, EMERGENCY SYSTEM EVALUATION CRITERIA

Go/no go criteria define the minimum acceptable requirements for a concept. If a
concept does not meet or cannot be modified to meet all of the go/no go criteria, no
further consideration is given to that concept and it is eliminated. The go/no go
criteria are listed as follows:

Performance - All concepls must be capable of meeting the entire performance specif-
ication to be considered as candidates. To provide a common basis, conceptual designs
are adjusted for each competing subsystem, system, or method to meet the same per-
formance requirements.

Salety - Safety of each concept is evaluated with respect to fire, contamination,
explosion hazards, hot spots, bacteriological problems, and c¢rew hazards to determine
il any ol these are present which cannot be eliminated by carctul design or inclusion

of additional control equipment, different materials, cte., Hazards are investigated
during normal operation and off-design operation, If any serious problems are
discovered which cannot be reasonably avoided, the concept is eliminated,

Availability - Availability is a measure of the probability of a concept being fully
operational within the required tine pericd (following reasonable development effort).
Preliminary screening of concepts eliminates many questionable concepts where
feasibility has not been convincingly established. Availability is evaluated by an
analysis of the subsystem approach, its interfaces and hardware requirements to



TARLE 3-1, GO/NU GO EVALUATION — THERMAL CONTROL. (SPACE STATION, LUNAR BASE & MARS)
CHITEREA
— e CONCEPT PERFORMANCE  CREW ACCEPTABILITY SAFETY AVAILA HEMARK,
1. H20 Botler P P P P Accept
2. Supereooled HyO Boiler 1 r M P Reject
3. HaO Sublimator P P P P Accept
4, Supercocled HzO Sublimator 13 P M P Reject
5. Flate-Fin Flash Evaporator b P P r Accept
6. Rotary Flash Evapurator P 3 P P Accept
T. Vapor Diffusion thru Suit Valves P M B P Accept*
8, Radiation Direct Cooling P M P P Accept?
9. Froun Refrigeration Cycle » M P 44 Accept?
10, HyO Adsorption - CaClg M M 13 I Use a8 backup for i1
1L H20 Adsorption - LIBr M M P P Accept*
12. HaU Adsorption - NagSe M M P 14 line a8 backup for 11
1. Thermal Storage - Ice r P P Accept
14 Thermai Storage - Subcooled loe P P P T Accept
15 Thermal Storage - PH4CI v M M P Accept*
% Thermal Storage - Hy 3 M M P Reject
17 txpend ‘Rad - Direct Cooling P P P i Accept
18, Expend ‘Rad - Hesl Pump i 13 P I Avcept
9. Expend/Therm Sterage - leu P P P P Accept
20, Expend/ Therm Storage - PHgCH 1 M M P Accept?
21, Had “Therm Storage - leo P P » i Accept
22. Rad Therm Storege -~ PHC) 4 r M g Avcept®
23. Therm Stor - PHyCL Adsorp - Oaclg M ht4 P P Une us backup fur 25,
24, Therm Stor - PHCL Adsorp - Libr M hal 34 P Use as backup for 25,
25, Therm Stor - PHICL Adsurp - NupSe M M B P Acgept*
P - Pass
F = Full
M - Marginal

TABLE 3-2,

Marginal ACCeprance

(CONCEPT

[ W18/}

Coaled Lion
14y0y

Molecular Sleve AKTR fewen
Mg - Vehlele Regen

Mgy - AEES Hegen

ANty - Vehiele Hagen

Ay - ARDPS Reyen

Sulid Awmine (SHTY - AEDPS Regen
Ajueuus KgClg - AEPS Regen

Lyt Amine (PED - AETS Rogen
Sold Flettrolyte

Fused Salt

Hz2 Depol. Crll/Babatier HgO Flec

He Depol, Cell COp Cone HaO) Flee

Uy Thepol, Cell Sabatier Hotr Accum
tip Depol, Cell CUg Cone Oz Supply
CO Cung Sabntier " Wick Feed HoO Eloc

Cirg ont Sahatice Solid Poly nuer #20 Elgg

- Paan

Fail
Margmat

Marginnl Acccptane:

CRITERLA

TENFORMANCE

CREW ACCEPTABILITY  SAF

AVAILABILITY

Accept
Accept
Aceept
Reject
Acecept
Accept
Accept
Accept
Accept
Use as barkup for 17,
Accept
Accept*
Reject
Accept*
Accept*
Accept*
Accept*
Aneept*

Aceept*

GO/NO GO EVALUATION — COy CONTF'!OL.I'O2 SWUFPLY SFPFACE STATION, LUNAR BASE & MARS)



J.1 (Continued)

deline problem areas and design "'gualms', These are classified into state-of-the-
art (advanced technology) versus design/development type problems and estimates
made of schedule requirements for technology advance and development improvements.

Crew Acceptability = This is a measure of the psychological acceptability of the
approach by the eventual user., The equipment must be designed to assure that it
imposes a minimal operational stress on the crew. If a concept is deemed

to be unacceptable by the crew and cannot be corrected, that concept i1s eliminated.
Examples of potential marginal areas where crew acceptability may be an over-
riding criteria are the use of a radicactive power source, location of controls and
displays, specific EVA operational procedures, etc. If a "marginal" concept does
pass the go/no go test, it will be highlighted as '""marginal" to ensure further
consideration of this eriterion during later stages of the evaluation.

3.2 Thase One Co/No Go Evaluation Results

Effort during the initial concept of identification phase of the subsystem studies con-
ducted during phase one of the study culminated in the selection of thermal control and
CO2 control/Og supply s'ubsystem candidate concepts to be carried into the go/no go
evaluation. Of the original 55 thermal control concepts identified and analyzed on a
preliminary basis, 25 were carried into the go/no go evaluation; of the original 45
combined COy control/Og supply concepts identified and analyzed on a preliminary
basis, 19 were carried into the go/no go evaluation.

Performance characteristics (such as flow rates, temperature levels and pressure
levels) of the selected candidate subsystems to be carried into the go/no go
cvaluation were roughly determined and the preliminary schematics and component
lists were updated.  These subsystems were then compared against the go/no go
cvaluation eriterin, A summary ol the results of the go/no go evaluation is presented
in Tables 3-1 and 3-2. Of the 25 thermal control concepts evaluated, 18 concepts
passed the go/no go evaluation, four were sclected as backup concepts, and three
were climinated from further consideration; of the 19 COg/09 supply concepts
evaluated, 16 concepts passed the go/no go evaluation, one was selected as a backup
concept, and two were eliminated from further comsideration.

Note that the concepts which were deemed marginal with respect to a given criteria

were not rejected, but the marginal area was noted to ensure further consideration

during the system studies if the concept should pass both the primary and secondary
evaluation,



3.3 PHASE TWO GO/NO GO EVALUATION RESULTS

Effort during the initial concept and identification phase of the subsystem studies con-
ducted during phase two culminated in the selection of 9 thermal conirol, 7 CO2 control
and 4 Oz supply shuttle AEPS subsystem concepts to be carried into the go/no go eval-
uation and 7 thermal control, 10 COg control and 4 Og supply emergency system sub-
system concepts to be carried into the go/no go evaluation.

Performance characteristics of the selected candidate subsystems to be carried into
the go/no go evaluation were roughly determined. These subsystems were then com-
pared against the go/no go evaluation criteria. A summary of the results of the go/
no go evaluation are presented in Tables 3-3 through 3-8.
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4.0 PARAMETRIC ANALYSES

A detailed parametric analysis of each candidate subsystem conccpt which passed
the go/no go evaluation was conducted to evaluate vehicle weight and volume versus
total EVA mission time and AED'S veolume and weight versus EVA mission duration.

4.1 Phase One Effort

This section consists of the parametric analyses conducted during phase one of the
AEPS Study.

Section 4. 1.1 presents the thermal/humidity control parametric analysis which evalu-
ate the effect upon the candidate concepts of varying average thermal load from 1500~
2500 BTU/hr, peak thermal load from 3000-5000 BTU/hr, and AEPS power penalty
from 100-200 watt-hrs/lb, The COg control/Os supply subsystem parametric analysis
is presented in Section 4. 1.2 and evaluated the effect upon the candidate concepis of
varying metabolic load (COg production rate) from 400-2500 BTU/hr while maintaining
the suit inlet CO2 partial pressure below 4 mm Hg. Although not shown in the sche-
matics, a 6000 psi oxygen supply subsystem is included in the parametric data.

The parametric analyvses are based upon an extrapolation of in-house and published
test data and a projection of both state-of-the-art and design/development improve-
ments achievable by the 1980's. In addition to presentation of the parametric data,
this section contains a schematic and functional description of each candidate concept.,



4,1.1 THERMAL/HUMIDITY CONTROL




CONCEDPT 1 -~ WATIER BOILER

The water boiler is an expendable thermal control concept that utilizes the heat of
vaporization of water to provide direct cooling of the Ligquid Cooling Garment (LCG)
loop and vent loop. The wick-fed water boiler also acts as the storage vessel for the
expendable water, The expendable water boiling temperature is controlled by a
Back Pressure Valve (BPV), which is either a temperature sensing or pressure
sensing flow coatrol valve. Crewman comfort is achieved automatically by the
Temperature Control Valve (TCV), Separated water is fed into the water boiler,
thus providing additional cooling capacity. A reiief valve furnishes protection
against overpressurization due to storage temperature fluctuations. Recharge is
simply accomplished utilizing the fill valve,



Steam

Vent Back Pressure Valve Accumulator
. H,0 __
FromLLG —— Bnizler 3 %Temp Control Valve TolCS
0, From — s;p . » 0, To Suvit
Suit
Fill
>3- A
é Check Yalve

Relief Valve

FIGURE 4—-1, WATER BOILER
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CONCEPT 2 = WATER SUBLIMATOR

The water sublimator is an expendable thermal control concept that utilizes the heat
of sublimation to provide direct cooling of the LCG and vent loops. In order to
minimize AEPS expendables, the Apollo EMU sublimator concept was modified to
permit utilization of the separated water to provide additional cooling capacity.

The sublimator is a porous media heat exchanger wherein the downstream side of the
porous media is subjected to hard vacuum and the upstream side is supplied with
expendable water, Upon startup, the sudden drop in pressure across the porous media
freezes the expendable water within the porous media. The addition of heat from the
LCG and vent loops sublimes the ice on the vacuum end of the porous media and thus
the thermal load is rejected to space. The sublimator is supplied expendable water
from u pressure-fed bladder tank which is pressurized by the vent loop., A flow
limiting orifice prevents breakthrough of the sublimator on startup.

A motor driven rotary water scparator positively expels separated water from the vent
loop downstream of the sublimator to the feoed side of the water reservoir. A check
valve insures positive separated water expulsion and a gas trap (may not be required)
prevents sublimator breakthrough from gas bubbles., Check and relief valves are
addcd for safety and a fill connector and dump valve permits recharge. The TCV
provides LCG temperature control, This concept will not work on Mars becau,se’ of
the atmospheric pressure on Mars, :
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CONCEPT 3 - PLATE FIN FLASH EVAPORATOR

The plate fin flash evaporator concept is schematically the same as the water
sublimator concept except that the sublimator and expendable water shutoff and
relief valve are replaced with a plate fin flash evaporator and a solenoid actuated
flow control valve, The valve is varied via an electronic controller as a function of
LCG evaporator outlet temperature. Spray bars create a high velocity spray aimed
at the heat transfer surfaces internal to the evaporator. The evaporator is configured
with the aid of baffles to produce good impingement of the spray on the heat transfer
surface where flash vaporization occurs. Vaporization of the spray at the heat
transfer surface is the mechanism by which heat is transferred from the vent and
L.CG loops. Proper control ol the inlet flow as a function of LCG outlet temperature
climinates the need for a back pressure valve or wicking media as is required in the
water boiler, Temperaturc control is, however, more complex and water carryover
is of much more concern than in the water boiler or water sublimator concepts.
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CONCEPT 4 - ROTARY FLASH EVAPORATOR

A chief concern of the plate fin flash evaporator is excessive water carryover of
water injected into the evaporator due to either not being able to impinge on a heat
transfer surface before exiting or vaporization occurring away from the heat transfer
surface, The rotary flash evaporator addresses itself to this problem by creating
a centrifugal forcce field on the injected water by injecting it into a rotating drum,
the outer surface of which is the heat transfer surface., The mechanism of heat
transfer in this concept may be either flash evaporation or nucleate boiling. An
electrical motor has been chosen as the evaporator driving mechanism to ensure
start-up and to overcome seul friction. It appears that the seal and hearing design,
as well as the inlet flow control function, are the areas which require the major
development effort.
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CONCEPT 5 - VAPOR DIFI'USION THROUGH SUIT PRESSURE VALVES

This expendable water concept, currently being developed by McDonnell-Douglas for
NASA-MSC, consists ol cooling patches which lay next to the skin on non-articulated
portions of the body, an expendable water reservoir, temperature, pressure, and
flow control valves, and a suit garment. Body moisture is wicked into the adsorbent
conductive mesh, This system's advantages are that it eliminates the LCG and pump,
the humidity control subsystem, and it integrates the expendable water reservoir and
water boiler into the suit. The cooling patches act as water boilers and consist of an
outer and inner impermeable membrane, a wicking layer, a vapor cavity, a suit
garment, and a pressure regulating valve. Fill and drain connectors are provided
for recharge. However, temperature control for this concept is complex and
crewman mobility may be seriously impaired by the resultant configuration.
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CONCEPT ¢ - DIRECT RADIATIVE COOLING USING LCG

Direct radiative cooling is a non~expendable concept that dissipates the LCG thermal
load via radiation to deep space and indirectly cools the vent loop by a condensing
heat exchanger in the LCG loop, downstream of the radiator, Humidity control is
attained by removal of condensed moisture by the water separator which transfers it
to a holding tank. The automatic TCV provides LCG temperature control,

Since radiator sizing is based on the maximum thermal load, prevention of overcooling
of the crewman and/or freezeup of the LCG at low load conditions is required. This
may be achieved by variable arca, conductance and/or emissivity control techniques in
the radiator design., Sizing is affected by the solar constant, time of lunar or Martian
day, the ground view factor, and the radiator values of emissivity and absorbtivity.
The assumption is made that planned maintenance can successfully retain radiator
surtface properties. Radiator sizing is based on subsolar conditions with a ground
view factor of zero. This concept, because of its size, is suitable only to a "cart-
type'' configuration and is, therefore, eliminated from consideration for the Space
Station applicution,
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CONCEPT 7 - FREON REFRIGERATION CYCLE

In order to minimize radiator surface area, a heat pump utilizing a vapor compression
cycle was incorporated into the previous concept. This vapor compression cycle
utilizes a Freon as a coolant and consists of a radiator, expansion valve, evaporator
and compressor. The vent and LCG loops add heat to the refrigeration loop in the
evaporator, thus vaporizing the coolant, The coolant is in turn pumped by a com-
pressor up to the radiator saturation pressure. Heat is rejected to deep space by
radiation with the coolant giving up its heat by condensing. The pressure and
temperaturce of the condensed coolant is reduced across the expansion valve to the
cevaporator conditions where the coolant is revaporized to complete the cycle. The
automatic TCV provides LCG temperature control, The water separator and holding
tunk remove and store condensed vent loop moisture downstream of the evaporator,
Since the radiator sizing is based on the maximum thermal load, a variable speed
compressor and variable orifice are necessary to prevent overcooling of the crewman
and/or freezeup of the LCG at low load conditions.

It is assumed planned maintenuance retains radiator surface properties. Sizing is
based on subsolar conditions with a ground view factor of zero. This concept, because
of its size, is suitable only to a "cart-fype' configuration and is, therefore, eliminated
from consideration on the Space Station application,
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CONCEDT 8 - DIRECT COOLING VIA HoO ADSORPTIQN/RADIATION

A combination water adsorption/radiation concept utilizes the heat of vaporization of
water in the evaporator to provide direct cooling of the LCG and vent loops and the
heat of adsorption to reject the system heat load via the radiator, The evaporator is
fed water by a pressurized bladder tank. Water flow rate is controlled by a solenoid
valve and controller as a function of LCG evaporator outlet temperature. The
evaporator effluent wafer vapor is adsorbed by lithium bromide in the adsorber, the
heat of adsorption heing dissipated by rudiation to deep space. LCG temperature
control is achicved by the automatic TCV,

Radiator sizing is bascd on the heat of reaction per pound of water vapor, the maximum
allowable vapor pressure and temperature the chemical can support, and the maximum
water feed rate, Lithium bromide was chosen over calcium chloride (a close second),
lithium chloride, and sodium selenide since its initial heat of reaction is lowest and
thus requires the smallest radiator. It is important that the hydrated lithium bromide
crystal does not go into solution with water: therefore, adequate design margin on
chemical sizing is necessary as well as insuring good water vapor {low distribution

in the adsorber, The water is reelaimed in the vehicle by desorbing the chemical by an
electrical heater and recondensing the cffluent water vapor,
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CONCIIPT 9 - THERMAL STORAGE (ICE)

Thermal storage is a regenerable thermal control concept that utilizes the heat of
fusion and the heat capacity of a material to provide thermal control. Direct cooling
of the vent loop and the LCG is achieved in the thermal storage unit utilizing the heat
of fusion of ice and superheating the water from 32 to 50°F., Vent loop humidity control
is achieved hy condensation of the water vapor in the thermal storage unit and separa-
tion and removal of the condensate by the water separator and hoiding tank. The TCV
provides automatic LCG temperature controi,

Regeneration of the thermal storage unit dictates the necessity for a vehicle refrigera-
tion system, The thermal storage unit may be regenerated either by insertion of
precooled ice cartridges or by incorporation of cooling coils within the thermal storage
unit. If a cooling coil approach is empioyed, it may be necessary to add an inter-
mediate coolant loop to prevent freeze-up of the LCG and/or the vent loop. This would
slightly increase weight and volume,
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CONCEPT 10 - THERMAL STORAGE (SUBCOOLED ICE)

Thermal storage utilizing subcooled ice is the exiension of the previous concept which
decreases AEPS volume and weight (by reducing amount of ice required) and increases
vechicle penalty (by increasing energy required to regenerate and subcool the ice).

This concept is compriscd of & subcooled ice thermal storage unit, an infermediate
coolant loop with @ bypass valve and eryogenic fittings, and an O2/LCG heat exchanger
(schematically shown as two heat exchangers), The ice is subcooled to ~250°F in the
vehicle via the coolant line cryogenic fittings, Therefore, thermal storage capacity
vonsists ol subeooling, heat of fusion and superheating of water. System temperature
counlrol is provided hy the coolint loop bypass valve which maintains a constant 02/
LCG heat exchanger inlet tempoerature and the TCV which provides LCG temperature
control. A water separ:itor and holding tank removes and stores vent loop condensate.
The ice thermal storage unit rcquircs development in regard to heat transfer and
structural stressing from therinal expansion and contraction.
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CONCEPT 11 - THERMAL STORAGE (PH4Cl)

Thermal storage utilizing phosphonium chloride (PH4Cl) is a self-regenerable thermal
control concept. PH4Cl is a chemical that has a heat of fusion of 324 BTU/Ib at 82°F
and 48 atmospheres pressure :ind has an estimated specific gravity of 1.7, It is
formed at low temperature from phosphine (PH4) and hydrogen chloride (HCI), A
vapor compression intermediate loop is utilized to raise the desired coolant
temperature of 50°F at the O2/LCG heat exchanger to 82°F at the thermal storage
unit, Humidity control is furnished by a water separator and holding tank which
remove and store vent {oop condensate, Vehicle penalties associated with this
concept are relatively low, since PH4Cl will resolidify of its own accord at normal
cabin temperatures.

Solid PH4Cl sublimates at pressures below 700 psia at room temperature., As
pressure is decreased further, gaseous PI4Cl dissociates into two gases: (1) Hydrogen
chleride and (2) Phosphine (PHg). PHjg is highly toxic and therefore, the thermal
storage unit has been concepted so as to minimize the probability of any failure
resulting in external leakage.
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CONCEPT 12 - EXPENDABLE/DIRECT RADIATIVE COOLING.

This concept is a hybrid concept which consists of a water boiler and radiator connccted
in parallel through the LCG temperature control valve, The temperature control valve
selects what percentage of the heat load from the LCG is shared by each subsystem,
The radiator is sized to handle the average heat load while the water boiler handles
peak loads, thus radiator size and water expended in the boiler are minimized.

Humidity control is provided by u condensing heat exchanger and a water separator
which feeds the separated water to the water boiler to provide additional cooling
capacity. For low or no load conditions, a variable conductance area or emissivity
device must be utilized Lo prevent over-cooling of the LCG, As is the case in the
dircet radiation concept, nornuil maintenance is required to sustain radiator perfor-
mance, Beeause of its size, this concept is not applicable to "worn or carried" and,
therefore, is climinated from consideration for Space Station applications,
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EXPENDABLE /DIRECT RADIATIVE COOLING
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CONCEDPT 13 - EXPENDABLL/RADIATION

This hybrid concept consists of a radiator/vapor compression cycle and a waler boiler
connected in paraliel through an automatic LCG temperature control valve, The
temperature control valve sclects what percentage of the heat load from the LCG

is shared by each subsystem, The radiator/vapor compression subsystem is sized

to handle the average LLCG heat load plus the heat load from the vent system while

the H20 boiler handles peak heat loads. This minimizes radiator size, compressor
size, and power consumption as well as water expended in the boiler,

Hamidity control is provided by the vapor compression cycle evaporator and the water
separator which feeds the separated water to the water boiler to provide additional
cooling capacity. For low or no load conditions, a variable speed compressor and
variable expansion valve are required to prevent over-cooling at the evaporator. As
in the case of the direct radiation concept, normal maintenance is required to sus-
tain radiator performance,
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CONCEPT 14 - EXPENDABLE/THERMAL STORAGE (ICE}

This hybrid concept consists of a thermal storage unit and the water hoiler in parallel
and connected by the LCG temperature control valve, The TCV selects the percentage
of LCG heat load shared by each subsystem. The water boiler provides temperature
control for the vent loop. Vent loop humidity control is provided by condensation of the
water vapor in the H20 boiler and removal of the condensate by the water separator.
The condensate is fed to the water boiler to provide additional cooling capacity. As is
the case in the ice thermal storage unit concept, it may be required to add an inter-
mediate coolant loop to prevent LCG freeze-up. Regeneration requires a vehicle
refrigeration system.
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CONCEPT 15 - EXPENDABLE/THERMAL STORAGE (PH4Cl)

This hybrid concept utilizes a water boiler in parallel with a PH4C] thermal storage unit

via an LCG temperature control valve, The temperature control valve selects what
percentage of the heat load from the LCG is shared by each subsystem, the intention
being that the PH4Cl thermal storage unit handles the average heat load and tne water
boiler handles peak loads, By doing this, compressor power and expendable water
are minimized.

The water boiler provides humidity control by cooling the vent loop which feeds the
scparated water to the boiler via the water separator to provide additional cooling
capacity, A variable speed compressor and variable expansion valve are utilized in
the thermal storage subsystem fo prevent over-cooling under low or no load conditions,
This system ig flexible in that it can be sized for a multitudc of thermal load sharing
combinations. As is the case in the PH4C1 thermal storage concept, research and
development is required on PH4C1 and its thermal storage unit configuration,
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CONCEPT 16 - RADIATION/THERMAL STORAGE (ICE)

This hybrid concept places a radiation/vapor compression system in series with an ice
thermal storage unit, The thermal storage unit removes heat from the LCG and vent
loops by the heat of fusicn of ice, A portion of the total heat load is transferred from
the thermal storage unit to the radiator by the vapor compression cycle. A trade-off
may be made between radiator size and thermal storage unit weight. It can be seen
that the radiator is not sized for AEPS maximum heat load, but rather a portion of the
average load. TFor low load conditions at the beginning of the mission, it is necessary
to have a variable speed compressor and variable expansion valve to prevent subcooling
the thermal storage unit. This may also be overcome by not starting the vapor
compression system at the beginning of the mission,

Regeneration of the thermal storage unit may be achieved in the vehicle by a
vehicle refrigeration system or outside the vehicle by the system radiator
and vapor compression cycle. This may be accomplished by turning on the
compressor and rejecting the heat of fusion of ice from the thermal storage
unit via the radiator to deep space.

The TCV provides automatic LCG temperature control. Vent loop humidity control
is achieved by condensation of the water vapor in the thermal storage unit and
separation and removal of the condensate in the water separator and holding tank.
Because of its size, this concept is not applicable to back mounting and is, therefore,
eliminated from consideration for Space Station applications.
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CONCEPT 17 - RADIATION/THERMAL STORAGE (PH4CI)

This hybrid concept consists of two vapor compression cycles thermally interconnected
in series by a thermal storage unit. The first vapor compression cycle transfers the
total AEPS heat load from the evaporator to the PH4Cl thermal storage unit, Tt is,
therefore, sized on maximum thermal load and requires a thermal storage unit vari-
able speed compressor and variable expansion valve to prevent over-cooling, The
second vapor compression cycle transfers a portion of the thermal load iransierred

to the thermal storage unit to the radiator. Thus, a trade-off can be made between
radiator size and thermal storage unit weight, In this system, the radiator size is
based on the percentage of the average heat load transferred by the second vapor com-
pression cycle and iy, therefore, insensitive to the AEPS maximum heat load. In-
herently flexible, this concept may be used or sized for a variety of operational
modes. Humidity control is attained by a water separator and holding tank which re-
moves and stores vent loop condensed moisture downstream of the first vapor com~
pression cycle evaporator. The automatic TCV provides LCG temperature control.
Because of its size, this system is only applicable to "cart" mounting and is, there-
fore, eliminated from consideration for the Space Station application,
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CONCEPT 18 - THERMAL STORAGE/H»O ADSORPTION

This concept is similar to Concept 8 - Direct Cooling via H2O Adsorption/Radiation,
except the radiator has been replaced by a thermal storage unit. The heal of vaporiza-
tion of water in the evaporator provides direct cooling of the LCG and vent loops,

LCG temperature control is achieved by the automatic TCV. The evaporator is fed
water by a pressurized bladder tank. Water flow rate is controlled by a solenoid

valve and coniroller as a function of LCG evaporator ocutlet temperature, The evapora-
tor effluent water vapor is adsorbed by sodium selenide in the adsorber, the heat of
adsorption being stored by the heat of condensation of PH4Cl in the thermal storage unit,
PH4CI sizing is based on total integrated heal of adsorption. Sodium selenide was
chosen as the adsorbent over LiBr, LiCl and CaCl? because it has the lowest total
integrated heat of adsorption. Adequate design margin on chemical sizing and insuring
good water vapor flow distribution by the proper adsorber configuration insures that
the hydrated sodium selenide crystal does not go into solution with the water. The
feedwater is reclaimed in the vehicle by desorbing the chemical by an electrical heater
and recondensing the effluent waier vapor.
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/H,0 ADSORPTION (Na,Se -16H,0)
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4,1,2 COg CONTROL/O3 SUPPLY
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CONCEPT 1 - LITHIUM HYDROXIDE (LiOH)

Lithium hydroxide, a non-regenerable solid absorbent, is packaged in replaceable
cartridges which also may contain a particulate filter and activated charcoal for {race
contaminant control. The LiOH contains 4 to 8% water and must be stored in protective
containers in a temperature controlied environment to ensure maximum performance,

After each use, the cartridge is replaced in the canister regardless of the total time or
use rate accumulated on the unit, This procedure ensures a fully operational charge
for each mission but has a built-in unrecoverable waste which is the unused portion

of the adsorbent plus the cartridge (unless the used cartridge is then utilized in the
vehicle ECS), 1In use, the vent loop refurning from the astronaut is directed to the
LiOH where the following reactions occur:

LiOH + H20(g) —me—ge LiOH.H3z0O

2 LiOH-H20 + COg ———— Li2CO3 + 3H20(g)

2 LiOH + COyp ——— LiaCO3 + HoO(g)
There is a net energy and water vapor production in the process which is removed in
the thermal/humidity control subsystem. Outlet COg concentration remains near zero
for almost 80% of the useful life, thus providing the astronaut an extremely low time-

averaged CO9 atmosphere. The following curves are based on a LiOH utilization
efficiency of 53% at an average metabolic load of 1050 BTU/hr.
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FIGURE 4—19, LITHIUM HYDROXIDE (L i OH)
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CONCEPT 2 - COOLED LITHIUM HYDROXIDE

Cooled lithium hydroxide, a conc epl similar to the previously described concept, takes
advantage of the liquid cooling loop to remove the heat of reaction from the absorbing
bed. Cooler operation stimulates the formation of LiOH+ HoO which, in turn, increases
hed reactivity toward CO2 absorption.

In comparison to uncooled LiOH, this concept offers the advantage of reduced volume
plus minimum storage environment constraint as pure LiOH is the raw material and
stringent temperature control is not required. However, cooling coils and quick
disconnects do add to subsystem volume and weight,

As shown in the nonregenerable COy sorbents comparison curves (Figure 4-20), cooling
the LiOH bed provides the greatest advantage at high metabolic rates {3 1200 BTU/hr)
and at high allowable outlet COy concentrat fons (ppCOs > 7 mm Hg), The following
parameiric curves are based on a cooled LiOH utilization efficiency of 60% at an
average metabolic load of 1050 BTU/hr,
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CONCEPT 3 - LITHIUM PEROXIDE (Li209)

Lithium peroxide, LigOgz, reucts with water vupor and COg2 according to the following
reactions:

LigOy + Ha0O —— 2LiOH + 1/2 O
LiOH + H9O ~—=- LiOH-H20O
2LIOH'H0 + COg —a=  LigCOg + 31150
LigOy + COy —=  LigCOg + 1/2 Og

A non-regenerable solid absorbent, LipOg is supplied in cartridges which are replaced
after cach mission, In addilion to CO9 control, the chemical provides approximatcly
onc-half the metabolic oxygen requirement. Toemperature control of the reacting bed
is necessary to obtain acceptable performance over widely varying metabolic rates.
Over-cooling minimizes oxygen production while under-cooling can resultl in excessive
Oz production and poor CO9 control, The addition of catalysts has becen shown to be
effective in stimulating O2 production at lower temperatures.

Usefulness of the concept is hindered by the low (relative to LiOH) chemical density
and the regquirement for cooling and subsequent temperature control, In a manner
similar to cooled LiOH, LiyOg is advantageous at high metabalic loads wherc
performance degradation of uncooled LiOH is most rapid. The following curves
are based on a Li2Oy utilization efficiency of 58% at an average metabolic load of
1050 BTU/hr.
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CONCEPTS 4 & 5 - METALLIC OXIDE (VEHICLE REGENERABLE)

Metallic oxides (i.e. Zn0O, MgO) react with COg according to the following reversible
reaction:

MO + COs >  MCO3 +Q

—

As shown in Figure 4-23, the carbonate readily decomposes with increasing tempera-
ture and, in some cases, may be solely vacuum regenerable.

Excessive volume change during the adsorb/desorb cycle affects the chemical's
physical stability and is a prime consideration in any future development effort, For
this study, the adsorbent was contained between screens with gas flow over rather
than through the packing. COg diffision into the thin oxide bed will be sufficient as
long as the solid volume transition during adsorb/desorb does not result in an impreg-
nable surface or if an extremely fine screen is not required. An alternate concept
would consider a carrier to stabilize the solid adsorbent~-possibly a thin layer of the
oxide flame-sprayed on a screen matrix.

In the venicle regenerable configuration, the adsorbent is packaged in a cartridge

which is replaced after each mission, An oven/vacuum chamber will be provided

within the vehicle for cartridge regeneration. Although not considered in the evaluation,
reclamation of the oxygen is possibie with this system by directing the desorbed gas to
the vehicle COg2 reduction system,

Other advantages of the concept include the visual inspection of the packed beds after
cach use and simple replacement, should it be required. Parametric data for COg
control/Og supply subsystems utilizing magnesium oxide (MgO) and zinc oxide (ZnO)
to provide COg control are presented on the following pages and are based on a
utilization efficiency of 50% at an average metabolic load of 1050 BTU/hr.
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CONCEPTS 6 & 7 - METALLIC OXIDE (AEPS REGENERABLE)

A variation of the metallic oxide concept considers a cyclic or AEPS regencrable
configuration, Two beds, similar in design to that described for the vehicle regenerable
system, are provided, each containing electrical elements for regeneration and a
cooling loop to cool the regenerated bed and maintain temperature control during
operation.

A timer is provided to sequence the vent loop and coolant loop valves to allow the vent

loop and coolant loop to flow to the on stream bed and to heat and expose to space
vacuum the regenerating bed.
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CONCEPT 8 - SOLID AMINE - AEPS REGENERABLE

An inert carrier is utilized to provide a stable amine adsorbent bed in this concept.
The regenerable solid amine is packaged within the flow passages of a plate-fin matrix
similar in design to an cxtended surface compact heat exchanger. Alternate {low
passages contain adsorbing and desorbing material with the unique feature of an
isothermal process. Energy released from the adsorbing passages is transferred

by conduction through the metal matrix to the desorbing material to supply the re-
quirements of the endothermic desorption. This concept neither imposes a thermal
load on the AEPS nor requires energy for regeneration. A timer and valving is pro-
vided to cycle the packed beds from the on-line adsorb to the space vacuum desorb
cycle,

Further development is required in the adsorbent, however, to find application within

the AEPS system. Current materials possess an affinity for water that would excessively
dehumidify the ventilation loop, This loss of water vapor could not only cause

astronaut discomtort, but may also reduce the adsorbent's capacity for COg and thus
result in poor COg control, This probiem has been recognized and solutions have been
proposed to alter the amine and o minimize its affinity for water,

The following curves are based on a 2% COg2 capacity of the solid amine plus the
inert carrier.
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CONCEPT 9 - LIQUID AMINE SORBENT

Ventilation flow from the astronaut flows to a gas/liquid contactor where intimate

contact is made with a recirculating amine solution. Carbon dioxide is absorbed from
the gas stream hy the solution which passes to a rotary separator and then to the
regeneration circuit. Solution free oxygen discharging from the separator passes through
a backup sorbent bed to the thermal/humidity control subsystem.

Within the regeneration circuit, the solution is heated to drive off the COs which is
removed in a second gas/liquid separator and dumped to space vacuum, A regenerative
heat exchanger is provided to minimize regencration energy requirements and a final
cooler to condition the solution for the adsorb cycle.

Two areas of development are required for concept operability: (1) minimize water
absorption to prevent excessive dehumidification similar to the solid amine; and

(2) find a suitable solvent/carrier for the amine. The viscosity of the pure amines is
quite high and would have a detrimental effect on pumping power and gas/liquid
contacting efficiency. Although water is an excellent sclvent for the amine, it is
preferentially evaporated from the solution before the CO2 is desorbed. This imposes
high regeneration thermal loads and adds the requirement for a water condenser and
condensate return system. This concept has assumed that the desired low viscosity-
low vapor pressure solvent will be available for system development.

The following curves are based on a PEI solution having a utilization efficiency of 75%
at a metabolic load of 1050 BTU/hr.
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CONCEPT 10 - SOLID ELECTROLYTE

In the solid electrolyte concept, CO2 is fed from an accumulator to the process

system, The CO2 concentration and compression stage has not been included here

and could be accomplished by any of the selected regenerable systems, Because the
COz2 flow is insufficient to supply total metabolic oxygen and leakage requirements,
water is added to the solid electrolyte reactor feed at the humidifier. Water flow is
governed by oxygen demand. Operating at 1800°F, the solid electrolyte passes ionic
oxygen from the cathode to the anode forming molecular oxygen. This product is then
cooled for delivery. Hydrogen, carbon monoxide and other trace residuals pass from
the cathode compartment to the Ho separator. Hydrogen is dumped overboard while

the CO passes to a nickel catalyst reactor where the following reaction occurs at 1000°F

20 a €Oy 4 C

A regenerative heat exchanger thermally conditions the reactor feed with the product

COg which is recycled to the humidifier inlet. Solid carbon must be periodically
removed from the reaector.
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CONCLEPT L1 - CO2 REMOVAL & REDUCTION/U2 GEN ERATION

Three basic subsystems are integrated into this totally AEPS regencrable concept.

A hydrogen depolarized cell consumes hydrogen and oxygen in a water production fuel
cell reaction to produce the EMF necessary for COg removal from the ventilation loop.
The water vapor clectrolysis unit supplies oxygen for metabolic consumption and
leakage and hydrogen for operation of the H2 depolarized cell and the Sabatier reactor,
Oxygen is reclaimed as watcer in the Sabatier reactor according to the following rcaction:

CO2 + 4Hy —»— 2H20 + CHy

Vent loop flow from the astronaut enters the Ha depolarized cell where it picks up the
water produced in this unit. COgy is removed and is discharged into the hydrogen
stream which passes to the Sabatier reactor for CO2 reduction. A condensing heat
exchanger returns product water to an accumulator,

H2 depolarized cell operation is controlled by the COg2 sensor through an external
rheostat which sets the available EMF to a level required for the CO2 processing
rates. Water vapor is added to the H2 depolarized cell product stream and is then
heated to obtain the proper relative humidity prior to entering the water vapor
electrolysis unit, Water vapor is absorbed by the electrolyte in this device, as
required, to maintain a desired electrolyte concentration. Oxygen production (and the
associated hydrogen production) is determined by the output of the vent loop pressure
sensor. A condenser conditions the gas for return to the astronaut and the condensate
is returned to the accumulator,

4-142



TEMP CONTROL RHEQSTAT

— A

i H, DEPOLARIZED CELL 1
C0p.Hy

l
ssmamen | (00000) "**—"—**—‘—‘ £O, CONCENTRATOR Plotal

A SENSDR
EACTOR 0, Hy0 | o
(00000 ‘ SUIT

! COOLANT | [ 020y O €0,
COOLANT | | SERSOR
¢ HEATER &= | PN |
h | l
0 i |
K L RHSENSOR | [vewe
N ~ ) + CONTROL l
T | I T
PO - ! |
: 1 | Hy | |
i |eonTRot I HEATER | \ |
P Teme : | 1
L -4 SENSOR j |
1 { N }
WATER VAPOR ELECTROLYSIS %mg'?nfs LATOR N
O,
[~ COMDENSER H /X
l l — .m ST
COOLANT | |
0O | coousbe
Hy? 4 )
w0
AGCCUMULATQR

FIGURE 4-29, CO2 REMCVAL. & REDUCTIC)N/O2 GENERATION

s 4-143 /



1600

| -4 4 —+ I —f- 4 4 41—
J. S I *_ - 1} — e e 4 :.ﬁ
. 1-4H- 4+
1 E I b
=
_ 4 —
|_W g, -4+ e e ST SR O TJTiﬁf. ——3
EEENE = =
“, IDE =

=500 TT%IH
i
1
1

5000

m

- -y o~

(S87) LHSIIM INIIYAINDY 1TIRIA

=
o
-
L -4
o
L
= TR 18
o 4 T 4 Ht 1
= + T
| S 1 L
~ Tt
2 1=
ol _ Ly Ly - i
— T 1
(& -1 -t s R
- | :
o . T
[S W] —dd o ! _ =
o= T &
o . A 4 J, — {rrjtgr -4 -
. B S . 1%
= T
o 1 R m
= , o - ++
Lt L L
o= _ . :
o~ —+ —t 1 IT.JT
S - ., g
i B o~
o e |4~ I -
[
R S A A 1 4
ﬁ‘].f[, ;_’
[
a | T =
. .

TOTAL EVA MISSION TIME (HRS)

4-144



NEREEEEREREEE NI RN =
IIRAEREERA u
41t
—~
Jilxll i W 4
o 4 — {4 d
= Ly i3
= s u -
m 4 | IL; ¢ 1 \H_”L L“ .
=L )
P} 1 T -
S ERERBHENY INSNUSrINEL AN
i R 3NEN 1]
:Im‘ YIA%%._/ _H W W‘!\; ITA‘H \ﬁ —- +
=N ‘ B -
= , o
m ﬂ_ S S e o +
S + _ +
o 1 — -+
8 T -
MHL nEl L ﬁ.? ] +
= ESSRUNER IRERE 4;,
= A, | | e
& ! L
5 T !
S 2 4 1
LH mv
| i -
T M !
[—] [— ]
E € % & &g %
[—3 s (=] '3 = wy
o [ ] od - —
(:N1) IWAI0A INIVAINDI S43v

EVA MISSION DURATION (HRS)

=
_ ﬂ H_ _ - Lo * ML
4t +4+ 44 B4
T , 3j1EN
BEN | ~
L] \
-
m 4 S ST T N 7
= BEE \ -
o e i
— RSN RE
5 . Y
- T .Pk -
N Q L -
m. r|+.+ -4 T\M . M -
= —t Fg et - .y
S TN
S i B A AERE - = -
o -det e ..;Ll[ﬂ., /\ L\AW,LL {4 |-
2 S AR [
ol #ilsl%lﬁ ‘TAT an 8,
. i 4 Iy - -
= _HM ot — W.L
- ! I
(=] R - A s te =44 + -
m ! wi.rljrptl; frJIﬁ
o Q _FL.< : ~
o~ i ML,IF BN
£ [ AR REE
‘ .*l.#.l. g T*\ [ 4
J\Jﬁ -
|
uaanEmsn
+ 4 i
) IABNEERD! -
Ll L —w L]

(SAT)  INOUIM INTTVALADY $43Y

EVA MISSION DURATION (MRS)

4-145



CONCEPT 12 - CO2 REMOVAL & STORAGE/O2 GENERATION

This concept is identical to the previous one except the Sabatier reactor has been
replaced by a CO2 storage system. Hydrogen is removed in the platinum tube
separator and dumped overboard and water vapor is removed in the condenser. COy
is stored in the accumulator for eventual reduction in the vehicle.

This concept was evaluated to determine the feasibility of eliminating the AEPS CO2
reduction system without dumping the COg overboard.
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CONCEPT 13 - CO2 REMOVAL & REDUCTION/O2 SUPPLY

The hydrogen depolarized cell removes CO2 from the AEPS inlet vent loop which then
passes to the thermal/humidity control heat exchanger and returns to the astronaut.
Oxygen is supplied from a high pressure bottle.

Hydrogen for H2 depolarized cell operation and CO2 reduction is supplied by the
vehicle and stored in the AEPS as high pressure gas. The CO2/Hg effluent from the
H2 depolarized cell passes to the Sabatier reactor where it is catalytically reacted to
form CH4 and HoO. Water from this process and from the humidity control subsystem
is stored in an accumulator for eventual vehicle or AEPS use,
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C0, REMOVAL & REDUCTION/ 0, SUPPLY
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CONCEPT 14 - CO2 REMOVAL & STORAGE/O2 SUPPLY

This concept considers CO2 removal and concentration utilizing a Hg depolarized cell,
The concentrated CO9 is stored for eventual reduction in the vehicle and the hydrogen,
which is removed in the platinum separator, is recirculated to the H2 depolarized
cell, Oxygen is provided from a high pressure gas supply.
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CONCEPTS 15 & 16 - CO2 REDUCTION/O9 GENERATION

Both of these concepts can be integrated with any of the acceptable regenerable CO2
control concepts to provide a totally regenerable CO2 control/Q9 supply subsystem.
Wick feed or solid polymer water electrolysis provides makecup oxygen to the vent
ioop and hydrogen to the Sabatier reactor. COg is drawn from an accumulator in
the CO2 removal subsystem and is reduced to CH4 and H2O. Methane is dumped
overboard while the water is condensed and returned to the electrolysis feed. The
thermal/humidity control heat exchanger conditions the vent loop for return to the
astronaut and recycles excess water to the electrolysis cells.
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4,2 Phase Two ffort

This section consists of the parametric analyses conducted during phase two of the
AEPS Study, Section 4. 2.1 presents the parametric analyses of the candidate shuttle
AEPS subsystem concepts and section 4. 2.2 presents the parametric analyses of the
candidate emergency system subsystem concepts.

4,2.1 Shuitle AEPS Parametric Analyses

For the shuttle AEPS application, the oxygen supply subsystem parametric analysis
evaiuated the candidate concepts for an average metabolic load of 1000 BTU/hr and a
peak metabolic load of 2500 BTU/hr (for 20 minutes); the thermal/humidity control
subsystein parametric analysis evaluated the candidate concepts for an average thermal
load of 1300 BTU/hr and a peak thermal load of 3240 BTU/hr with an AEPS power
penalty of 100 watt-hrs/ib; the COs control/O2 supply subsystem parametric analysis
evaluated the effect upon the candidate concepts of varying metabolic load (CO2 pro-
duction rate) from 400-2500 BTU/hr while maintaining the suit inlet COg2 partial pres-
sure below 4 mm Hg. Although not shown in the schematics, a nonrechargeable 6000
psi oxygen supply subsystem is included in the parametric data (except for the vehicle
umbilical concept),

The shuttle AEPS parametric analyses are contained on the following pages and are
based upon extrapolation of in-house and published test data and a projection of both
state-of-the-art and design/development improvements achievable by the late 1970's.
Note, however, that no parametric data are presented for the thermal/humidity
control and COy control/Og supply subsystem concepts utilizing a vehicle umbilical,
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CONCEPT 1 - 900 PSI GASEOUS OXYGEN STORAGE

This oxygen supply concept (figure 4-34) utilizes the shuttle vehicle 900 psi minimum
storage to repressurize the AEPS after each mission. The basic AEPS oxygen sub-
system ig fixed within its structure and is charged through the fill {fitting.

CONCEPT 2 - 6000 PSI GASEOUS OXYGEN STORAGE

To take advantage of the low AEPS volume afforded by high pressure gaseous oxygen,
this concept (figure 4-34) considers shuttle storage of precharged oxygen supply
systems. Each system contains a charged 6000 psi oxygen bottle, pressure regulator,
pressure gage, fill fitting, shut off valve and low pressure disconnect, The system

is serviced and charged on earth between vehicle missions, After each AEPS EVA,

the expended or partially expended oxygen storage subsystem is removed and re-
placed with a fresh unit from storage.

This system minimizes crewtime during AEPS recharge and eliminates the require-
ment for high pressure connections within the shuttle vehicle.
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CONCEPT 3 - CHLORATE (NaClOg) CANDLE OXYGEN SUPPLY

In this oxygen supply concept pictured in figure 4-35, electrically ignited chlorate
candles are utilized to charge a pressure vessel which then supplies AEPS require-
ments thru the system pressure control valve, Each candle is sized to provide
oxygen at the maximum metabolic rate - the pressure vessel acting as an accumula-
tor for overproduction during periods of below maximum metabolic activity. A filter
is used to ensure delivery of pure oxygen to the AEPS,

After each mission, expended candles and the filter are replaced.
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0o Supply Subgystem Summary

Because of low AEPS volume and weight, the 6000 psi gaseous oxygen storage concept
was selected for the remainder of shuttle AEPS subsystem study effort. However,
this decision will be reexamined again on the systems level.
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' 4,2.1.2 THERMALHUMIDITY CONTROL
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CONCEPT 1 - WATER BOILER

The water boiler is an expendable thermal control concept that utilizes the heat of
vaporization of water to provide direct cooling of the Liquid Cooling Garment (LCG)
loop and vent loop. The wick-fed water boiler also acts as the storage vessel for the
expendable water. The expendable water boiling temperature is controlled hy a Back
Pressure Valve (BPV), which is either a temperature sensing or pressure sensing
flow control valve, Crewman comfort is achieved automatically by the Temperature
Control Valve (TCV). Separated water is fed into the water boiler, thus providing
additional cooling capacity. A relief valve furnishes protection against overpressur-
ization due to storage temperature fluctuations. Recharge is simply accomplished
utilizing the fill valve.
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CONCEPT 2 - WATER SUBLIMATOR

The water sublimator is an expendable thermal control concept that utilizes the heat
of sublimation to provide direct cooling of the LCG and vent loops. In order to min-
imize AEPS expendables, the Apolioc EMU sublimator concept was modified to permit
utilization of the separated water to provide additional cooling capacity, The sub-
limator is a porous media heat exchanger wherein the downstream side of the porous
media is subjected to hard vacuum and the upstream side is supplied with expendable
water. Upon startup, the sudden drop in pressure across the porous media freezes
the expendable water within the porous media, The addition of heat from the LCG and
vent loops sublimes the ice on the vacuum end of the porous media and thus the ther-
mal load is rejected to space. The sublimator is supplied expendable water from a
pressure-fed bladder tank which is pressurized by the vent loop. A fiow limiting
orifice prevents breakthrough of the sublimator on startup.,

A motor driven rotary water separator positively expels separated water from the
vent loop downstream of the sublimator to the feed side of the water reservoir, A
check valve insures positive separated water expulsion and a gas trap (may not be
required) prevents sublimator breakthrough from gas bubbles. Check and relief
valves are added for safety and a fill connector and dump valve permits recharge.
The TCV provides LCG temperature control, This concept will not work on Mars
because of the atmospheric pressure on Mars.
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CONCEPT 3 - THERMAL STORAGE (PH4Cl)

Thermal storage utilizing phosphonium chloride (PH4Cl) is a self-regenerable ther-
mal control concept. PH4C! is a chemical that has a heat of fusion of 324 BTU/1b at
82°F and 48 atmospheres pressure and has an estimated specific gravity of 1.7, It
is formed at low temperature from phosphine (PH3) and hydrogen chloride (HC1). A
vapor compression intermediate loop is utilized to raise the desired coolant temper-
ature of 50°F at the O2/LCG heat exchanger to 82°F at the thermal storage unit,
Humidity control is furnished by a water separator and holding tank which removes
and stores vent loop condensate. Vehicle penalties associated with this concept are
relatively low, since PH4C1 will resolidify of its own accord at normal cabin tem-
peratures.

Solid PH,4C1 sublimates at pressures below 700 psia at room temperature. As pres-
sure is decreased further, gaseous PH4Cl dissociates into two gases: (1) Hydrogen
chloride and (2) Phosphine (PH3). PH3 is highly toxic and therefore, the thermal
storage unit has been concepted so as to minimize the probability of any failure re-
sulting in external leakage.
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CONCEPT 4 - THERMAL STORAGE (ICE)

Thermal storage is a regenerable thermal control concept that utilizes the heat of
fusion and the heat capacity of a material to provide thermal control. Direct cooling
of the vent loop and the LCG is achieved in the thermal storage unit utilizing the heat
of fusion of ice and superheating the water from 32 to 50°F. Vent loop humidity con-
trol is achieved by condensation of the water vapor in the thermal storage unit and
separation and removal of the condensate by the water separator and holding tank.
The TCV provides automatic LCG temperature control,

Regeneration of the thermal storage unit dictates the necessity for a vehicle refrig-
eration system, The thermal storage unit may be regenerated either by insertion of
precooled ice cartridges or by incorporation of cooling coils within the thermal stor-
age unit, If a cooling coil approach is employed, it may be necessary to add an inter-
mediate coolant loop to prevent freeze-up of the LCG and/or the vent loop. This
would slightly increase weight and volume,
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CONCEPT 5 - EXPENDABLE/RADIATION

This hybrid concept consists of a radiator/vapor compression cycle and a water boil-
er connected in parallel through an automatic LCG temperature control valve., The
temperature control valve selects what percentage of the heat load from the LCG is
shared by each subsystem, The radiator/vapor compression subsystem is sized to
handle the average LCG heat load plus the heat load from the vent system while the
H20 boiler handles peak heat loads. This minimizes radiator size, compressor
size, and power consumption as well as water expended in the boiler,

Humidity control is provided by the vapor compression cycle evaporator and the water
separator which feeds the separated water to the water boiler to provide additional
cooling capacity. For low or no load conditions, a variable speed compressor and
variable expansion valve are required to prevent over-cooling at the evaporator. As
in the case of the direct radiation concept, normal maintenance is required to sus-
tain radiator performance,
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CONCEPT 6 - EXPENDABLE/THERMAL STORAGE (PH4C))

This hybrid concept utilizes a water boiler in parallel with a PI14Cl thermal storage
unit via an LCG temperature control valve. The temperature control valve selects
what percentage of the heat load from the LCG is shared by each subsystem, the in-
tention being that the PH4CI1 thermal storage unit handles the average heat load and
the water boiler handles peak loads. By doing this, compressor power and expendable
water are minimized.

The water boiler provides humidity control by cooling the vent loop which feeds the
separated water to the boiler via the water separator to provide additional cooling
capacity, A variable speed compressor and variable expansion valve are utilized in
the thermal storage subsystem to prevent over-cooling under low or no load condi-
tions. This system is flexible in that it can be sized for a multitude of thermal load
sharing combinations, As is the case in the PH4Cl thermal storage concept, research
and development is required on PH4Cl and its thermal storage unit configuration,
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CONCEPT 1 - LITHIUM HYDROXIDE (LiOH)

Lithium hydroxide, a non-regenerable solid absorbent, is packaged in replaceable
cartridges which also may contain a particulate filter and activated charcoal for trace
contaminant control. The LiOH contains 4 to 8% water and must be stored in protec-
tive containers in a temperature controlled environment to ensure maximum perfor-
mance.

After each use, the cartridge is replaced in the canister regardless of the total time
or use rate accumulated on the unit. This procedure ensures a fully operational
charge for each mission but has a built-in unrecoverable waste which is the unused
portion of the absorbent plus the cartridge (unless the used cartridge is then utilized
in the vehicle ECS). In use, the vent loop returning from the astronaut is directed to
the LiOH where the following reactions occur:

LiOH + Hg0(g) ———— = LiOH H30

2 LiOH H30 + COy ————=—LisCOq + 3Ha0(g)

2 LiOH + COg — = Li3CO3 + HyO(g)
There is a net energy and water vapor production in the process which is removed in
the thermal/humidity control subsystem, Outlet COgq concentration remains near
zero for almost 80% of the useful life, thus providing the astronaut an extremely low

time-averaged CO4 atmosphere. The following curves are based on a LiOH utilization
efficiency of 57% at an average metabolic load of 1000 BTU/hr.
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CONCEPT 2 - LITHIUM PEROXIDE (Li209)

Lithium peroxide, Lizoz, reacts with water vapor and CQq according to the following
reactions:

Li2Og + H20 = 2 LiOH + 1/2 02

LiOH + HoO = LiOH-H20

2 LiOH" H20 + COg —————3= Li2C0O3 + 3H20

Liz0Op + COg - Li2CO3 +1/2 O3

A non-regenerable solid absorbent, Li2Os9 is supplied in cartridges which are replac-
ed after each mission. In addition to CO2 control, the chemical provides approximately
one-half the metabolic oxygen requirement. Temperature control of the reacting bed

is necessary to obtain acceptable performance over widely varying metabolic rates,
Over-cooling minimizes oxygen production while under-cooling can result in excessive
02 production and poor CO9 control. The addition of catalysts has been shown to be
effective in stimulating O2 production at lower temperatures.

Usefulness of the concept is hindered by the low (relative to LiOH) chemical density
and the requirement for cooling and subsequent temperature contreol. In a manner

similar to cooled LiOH, Li20g2 is advantageous at high metabolic loads where
performance degradation of uncooled LiOH is most rapid. The following curves are
baded on a Liz0Q2 utilization efficiency of 58% at an average metabolic load of

1000 BT U/hr.
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CONCEPTS 3 & 5 - METALLIC OXIDE (AEPS REGENERABLE)

A variation of the metallic oxide concept is a cyclic or AEPS regenerable con-
figuration, Two beds, similar in design to that described for the vehicle regener-
able system, are provided, each containing electrical elements for regeneration and
a cooling loop to cool the regenerated bed and maintain temperature control during
operation,

A timer is provided to sequence the vent loop and coolant loop valves to allow the
vent loop and coolant loop to fiow to the on stream bed and to heat and expose to space
vacuum the regenerating bed.
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CONCEPTS 4 & 6 - METALLIC OXIDE (VEHICLE REGENERABLE)

Metallic oxides (i.e. “n0, MgO) react with CO, according to the following reversible
reaction:

MO +COy = = MCO, +Q

As shown in Figure 4-23, the carbonate readily decomposes with increasing temper-
ature and, in some cases, may be solely vacuum regenerable,

Excessive volume change during the adsorb/desorb cycle affects the chemical's
physical stability and is a prime consideration in any futurc development effort. For
this study, the adsorbent was contained between screens with gas flow over rather
than through the packing. CO, diffusion into the thin oxide bed will be sufficient as
long as the solid volunie transition during adsorb/desorb does not result in an impreg-
nable surface or if an extremely line screen is not required. An alternate concept
would consider a carrier to stabilize the solid adsorbent -- possibly a thin layer of
the oxide flame-sprayed on a screen matrix.,

In the vehicle regenerable configuration, the adsorbent is packaged in a cartridge
which is replaced after each mission. An oven/vacuum chamber will be provided
within the vehicle for cartridge regeneration. Although not considered in the eval-
uation, reclamation of the oxygen is possible with this system by directing the de-
sorbed gas to the vehicle CO2 reduction system.

Other advantages of the concept include the visual inspection of the packed beds after
each use and simple replacement, should it be required. Parametric data for CO9
control/oz supply subsystems utilizing magnesium oxide (MgQ) and zinc oxide (Zn0)
to provide CO9 control are presented on the following pages and are based on a
utilization efficicney of 507 at an average metabolic load of 1000 BTU/hr.
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CONCEPT 7 - METAL HYDROXIDE - VEHICLE REGENERABLE

This concept combines the attributes of the lithium hydroxide and metal oxide sys-
tems to provide a regenerable sorbent system with high capacity and rate of reaction.
Metal hydroxides (i.e, Zp (OH)2, Mg (OH)2) react with CO2 according to the following
reaction:

M(OH),, + COqy 3 MCOg + H20 + Q

The process is reversible thru the following reaction steps:

MCO5 + Q = MO + COg

MO + 190 - M(OH)2 +Q

Higher reaction rates and greater affinity are anticipated using the more hasic hy-
droxides rather than the oxides. This potentially will produce a greater deliverable
use capacity but entaiis a greater lead on the humidity control system since water is
produced during the CO5 sorbtion,

Within the AEPS, the sorbent is packaged in a water cooled cartridge which is re~
placed after each mission. An oven/vacuum chamber is provided in the vehicle for
the two step regeneration process. First, under heat and vacuum, the carbonate is
calcined to the oxide. Steam is then admitted to the chamber and recirculated at
400 to 900° F, converting the oxide to the hydroxide,

Parametric data for COs control/O2 supply subsystems utilizing magnesium hy-
droxide (Mg (OH),) to provide COgp control are presented on the following pages and
are based on a utilization efficiency of 50% of an average metabolic load of 1000

Btu/hr.
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CONCEPT 8 - SOLID AMINE - AEPS REGENERABLE

An inert carrier is utilized to provide a stable aminc adsorbent bed in this concept.
The regenerable solid amine is packaged within the flow passages of a plate-fin ma-
trix similar in design to an extended surface compact heat exchanger. Alternate
flow passages contain adsorbing and desorbing material with the unique feature of
an isothermal process. Energy released from the adsorbing passages is trans-
ferred by conduction through the metal matrix to the desorbing material to sup-

ply the requirements of the endothermic desorption, This concept neither imposes
a thermzal load on the AEPS nor requires energy for regeneration, A timer and
valving is provided to cycie the packed beds from the on-line adsorb to the space
vacuum desorb cycle.

Further development is required in the adsorbent, however, to find application within
the AEPS system. Current materials posscss an affinity for water that would exces-~
sively dehumidify the ventilation loop. This loss ol water vapor could not only cause
astronaut discomfort, but may also reduce the adsorbent's capacity for COy and thus
result in poor CO, control. This problem has been recognized and solutions have
been proposed to alter the amine and to minimize its affinity for water.

'I'he following curves are based on a 2% CO, capacity of the solid amine plus the
inert carrier.
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CONEPT 9 - SOLID AMINE - VEHICLE REGENERABLE

A variation of the solid amine concept considers a non-¢ycelic or vehicle regenerable
configuration. The adsorbent is packaged in a water-cooled cartridge which is re-
placed after each mission, An oven/vacuum chamber is provided within the vehicle
for cartridge regeneration. The following curves are based on a 10% COgp capacity
of the solid amine plus the inert carrier,
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4.2.2 Emergency Systems Parametric Analyses

For the AEPS Emergency Systems applications, the COg2 control/Og supply subsystem
parametric analyses evaluated the candidate concepts for an average metaholic rate of -

Shuttle 1500 BTU/hr
Space Station 1500 BTU/hr
Lunar Base 1600 BTU/hr
Mars 2000 BTU/hr

while maintaining the suit inlet CO9 partial pressure below 15 mm Hg, Unless other-
wise specified, the oxygen supply subsystem is a 6000 psi gaseous supply.

The thermal /humidity control subsystem parametric analyses evaluated the candidate
concepts for an average thermal load of:

Shuttle 1600 BTU/hr
Space Station 1600 BTU/hr
Lunar Base 2450 BTU/hr
Mars 2200 BTU/hr

The Emergency Systems parametric analyses are centained on the following pages and
are based upon extrapolation of in-house and published test data and a projection of
both state-of-the-art and design/development improvements achievable within the time
frames specified by this study for each of the emergency systems' respective primary
system,

4-232



4,2,2.1 CO2 CONTROL/0O9 SUPPLY
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4.2.2,2 THERMAL/HUMIDITY CONTROL
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5.0 PRIMARY AND SECONDARY EVALUATIONS

This section describes the primary and secondary evaluations of the candidate ther-
mal control and COg control/Og supply subsystem concepts conducted in Phases One &
Two of the AEPS study. Implementation of the evaluation criteria is described and the
resultant candidate concept ritings are presented.

5.1 Phase One Effort

5.1.1 Primary Evaluation

5.1.1,1 General - All candidate concepts that passed the go/no go evaluation were
subjected to the primary evaluation. Each candidate concept received a rating of from
0 to 100 for each primary criterion. The ratings applied to a candidate concept were
dependent upon the characteristics of the candidate relative to the other candidates.
Each rating was then multiplied by the weighting factors defined in Table 5-1 and the
ratings added to obtain a total rating for each candidate concept, A candidate concept
was selected if its overall rating was clearly the best of the competing concepts. If

a clear-cut choice was not evident, the remaining competing concepts were reviewed
against the secondary criteria.

The primary criteria are defined as follows:

Vehicle Equivalent Weight - The physical aspects of any given concept can be con-
verted to an equivalent vehicle launch weight penalty for purposes of comparison.
Equivalent vehicle weight consists of subsystem or system fixed weight, expendables,
power requirements, heat rejection requirements, recharge and/or regeneration
equipment, spares, and special interface equipment. If the equivalent vehicle weight
for a given concept is greater than that for the existing Apollo EMU concept, it is
eliminated.

AEPS Equivalent Volunie - EVA equipment volume consists of all EVA life support
equipment with which the crewman must egress from the vehicle and is an indirect
measurement of crewmaan encumbrance and mobility hindrance. This criterion, as
is equivalent vehicle weight, is a fool that provides an objective quantitative basis
for evaluation and represents the two most important evaluating criteria for use
during the study.

Reliability - Reliability is a measure of the probability that a concept will meet the
total mission requirements with a minimum of spares, redundancy and maintenance
time. 1n addition, single point failures and sequential failures are eliminated.
Application of these criteria entail objective engineering assessments and do not
involve interpolation of numbers representing failure probability estimates.

Operability - Operability is a measure of the concept's ability to be simply used
for the mission's various operating modes including: don/doff, startup, checkout,
egress/ingress, shutdown, recharge/regeneration, and operational variations
during the actual EVA. I the operability of a candidate concept is considered
unacceptable, it is eliminated,
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H.1.1.1 (continued)

Flexibility - Flexibility is a measure of the concept's ability to be used under
various conditions at minimum penalty:

a. Different types of EVA missions such as exploration, cargo transfer, assem-
bly operations, ctec,

b. Different space programs involving varying gravity environments, thermal
environments, etc,

c. Adaptability of incorporating new technology, thus preventing premature
technical obsolescence.

TABLE 5-1 PRIMARY CRITERIA WEIGHTING FACTORS

Weighting Factors
Criteria Space Station Lunar Base Mars Landing
Vehicle Equivalent Weight 0.30 0.35 0.35
AEPS Equivalent Volume 0.30 0,25 0.25
Reliability 0.15 0.15 0.15
Operability 0.15 0.15 0.15
Flexibility 0.10 0.10 0.10

The primary criteria whose ratings were determined quantitatively are vehicle
equivalent weight and AEPS equivalent volume. The competitive ratings for both
these criteria were determined by establishing a straight-line relationship hetween
the criteria rating and vehicle equivalent weight or AEPS equivalent volume, as the
case may he, on a semi-log scale., The relationships were established for both
thermal control and CO2 control/0O2 supply concepts, on a mission basis, by select-
ing criteria values thiat corresponded with a 100 point criteria rating and a 10 point
criteria rating in accordance with Table 5-2,

The criteria ratings for the candidate subsystem concepts were then simply determined
by selecting the rating corresponding to the concept's vehicle equivalent weight or
AEPS equivalent volume as defined by the parametric analysis presented in Section 4.0,
A semi-log scale was utilized to provide added benefit to those concepts that exhibited
low vehicle weights and AEPS equivalent volumes and to penalize those concepts with
high vehicle equivalent weights and AEPS equivalent volumes,
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QUANTITATIVE PRIMARY CRITERIA RATING END POINTS

MISSION
SUBSYSTEM PRIMARY CRITERION SPACE STATION LUNAR BASE MARS
'Thermal Control Vehicle Equivalent Weight
100 points 0 0 0
10 points 1500 lbs 3300 lbs 3300 lbs
AEPS Equivalent Volume ]
100 points 500 ind 800 in3 800 ind
10 points 2650 ind 5000 in3 5000 in3
CO2 Control/ Oy Supply Vehicle Equivalent Weight
100 points 300 lbs 600 lbs 600 lbs
10 points 1100 lbs 2200 ibs 2200 lbs
AEPS Equivalent Volume
100 points 250 in3 400 in3 400 ind
10 points 2500 in3 5000 in3 5000 in3

TABLE 5-2

Cln
W



5.1.1.1 (continuod)

The ratings ol the three remaining primary criteria were determined qualitatively.,
The reliability rating was a comparative assessment of candidate concepts and was
based upon the total number of subsystem components and the number of subsystem
component failures that could cause mission abort and/or loss of life,

The operability rating was determined by dividing operability into seven subareas
and weighting each area as follows:

A. Don/doff 15 points
B. Startup 5
C. Checkout 15
D, Egress/ingress 10
E. Shutdown 5
F. Recharge/regeneration 25
G, Operational variations during EVA _25
100 points

A relative assessment of each candidate concept was then made and the sum of the
ratings of the seven subareas was equal to the total operability rating for each
candidate concept,

The flexibility rating was determined by dividing flexibility into three subareas and
weighting each area as follows:

A, EVA mission flexibility 50 points
B. Applicability to different space programs 25
C. Ability to incorporate new technology _25

100 points

A relative assessment of each candidate concept was then made and the sum of the
ratings of the three subareas was equal to the total flexibility rating for each
candidate concept,

The rating for each primary criterion was multiplied by the weighting factors defined

in Table 5~1 and then summed up to determine the final competitive rating for each
candidate concept.
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5.1.1.2 Thermal Control — Table 5-3 is an index of the eighteen (18) candidate thermal
control concepts that passed the go/no go evaluation and were carried into the

primary evaluation. Concepts 1-5, 9-11, 13-15 and 18 were considered for Space
Station, all eighteen were considered for Lunar Base, and all but concept 2 were
congidered for Mars,

TABLE 5-3

THERMAL CONTROL CONCEPT INDEX

Concept Number Concept Title

Water Boller

Water Sublimator

Plate Fin Flash Evaporator

Rotary Flash Evaporator

Vapor Diffusion Thru Suit Pressure Valves

Mirect Radiative Cooling Using LCG

Freon Refrigeration Cycle

Direct Cooling Via HoO Adsorption (LiBr)/Radiation
Thermal Storage - lee

fo AR B e I - - I

[£=]

10 Thermal Storage - Subcooled Ice

11 Thermal Storage - PH4yCl

12 Expendable/Direet Radiative Cooling

13 Expendable/Radiation

14 Expendable/Thermal Storage - loe

15 Expendable/ Thermal Storage - PH4Cl

16 Radiation/Thermal Storage - Ice

17 Radiation/Ther mal Storage - PH4ClL

B Thermal Storage (PH4C1)/H30 Adsorption {NagSe)

The following nine (9) concepts passed the primary evaluation and were carried into
the secondary evaluation:

Water Boiler
b, Water Sublimator

F)

c, Direct Radiative Cooling Using LCG
d, Freon Refrigeration Cycle

e. Thermatl Storage - PH4Cl

f. Expendable/Direct Radiative Cooling
g, Expendable/Radiation

h. Expendable/Thermal Storage - PH4CI
i. Radiation/Thermal Storage - PH,Cl

Implementation of the primary evaluation criterla and the resultant candidate thermal
control concepl ratings are presented in detail on the following pages.
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THERMAL CONTROL
PRIMARY KEVALUATION - SPACE STATION AEPS

RELIABILITY

Concept Rating
1 13.6
2 15,0
3 11.0
4 10.0
5 1.8
9 13.6
i0 8.8
11 11.0
13 13.4
14 11,7
) 10.0
18 10.0

Note:

The reliability rating is a comparative asscssment of candidate concepts
and is based upon total number of subsystem components and the number of
subsystem component failures that could cause mission abort and/or loss of
life.
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THERMAL CONTROL.
PRIMARY EVALUATION - SPACE STATION AEPS

OPERABILITY

Concept A B C D E F G Total Rating
1 15 4 14 10 S5 25 25 98 15
2 15 4 14 10 4 25 25 97 14.9
3 15 4 12 10 4 25 25 95 14.6
4 15 4 11 10 4 25 25 94 14.4
5 7 4 3 10 5 20 25 74 11.3
9 13 3.5 10 2 3 7 156 53.5 8.2
10 14 1 7T 2 1 0 15 40 6.1
Il 14 5 13 2 5 25 20 84 12.9
13 i 4 12 2 5 25 20 3 11.2
14 4 3 & 2 3 5 20 50 8.4
15 15 4 12 10 o250 20 91 13,9
18 4.5 1 7 5 1 5 20 H3.5 8.2

Notes:

A = Don/doff (15 points)

B = Startup (5 points)

C = Checkout (15 points)

D = Egress/ingress (10 points)

E = Shutdown (5 points)

F = Recharge/regeneration (25 points)

G = Operational variations during EVA (25 points)

lotal
100

Operability Rating = (15) (Normalizing Factor)*

*Normalizing lactor upgradces all ratings to permit concept with highest rating to
receive the full 15 points,



THERMAL CONTROL
PRIMARY EVALUATION - SPACE STATION AEPS

I'EEXIBILITY

Concept A B £ Total Rating
1 5( 25 0 75 7.0
2 50 16 0 66 6.6
3 50 25 10 80 8.5
4 50 25 10 85 8.9
b 50 25 10 18] 8.5
9 30 25 0 55 5.5
10 20 25 0 45 4.5
il 40 25 25 90 9.0
13 45 20 20 8L 8.5
14 40 25 0 0h 6,5
15 50 25 25 LOO 10,0
18 40 25 25 90 9.0
Notes:

A = EVA mission flexibility (50 points)
B = Applicability to different space programs (25 points)
C = Ability to incorporate new technology (25 points)

Flexibility Rating = %.-(t')%l- (10) (Normalizing Factor)*
*Normalizing factor upgrades all ratings to permit concept with highest rating to

receive the full 10 points.



Concept

oL W N

10

0

14
16
18

THERMAL CONTROL

PRIMARY EVALUATION - SPACE STATION ALLPS

SUMMARY
Criteria
AEPS Vol. Veh. Wi, Reliability Operability Flexibility Total
30,0 10,0 13.6 15.0 7.5 72.5
24,6 10,0 15.0 14,9 6.6 66.6
18,9 10.0 11.0 14. 6 8.5 59.4
18.0 10.0 10.0 14.4 8.5 57.3
16.8 10.0 1.8 11.3 8.5 44,8
2.3 4,1 13.6 8.2 5.5 33.7
2.6 4.1 6.8 6.1 1.5 24.1
3.8 27,0 11.0 12,9 9,0 63. 7
1.4 18. 0 13. 4 11,2 8.5 55.5
5.0 1.1 11.7 8. 4 6,5 32,7
21.0 16.5 10,0 13,9 10,0 71, 4
8.1 8.7 10.0 8.2 9.0 54,0
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LUNAR BASE
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CRITERIA RATING

6 L T
o= l | THERMAL CONTROL
1,17 @ , =25%) PRIMARY EVALUATION
7 | LUNAR BASE AEPS |
| VEHICLE EQUIVALENT WT
12(X=.25), 15(X=.25) ; ;
50 8 | 9AVG = 2000 BTU/HR
\(130(:'25) “MAX = 5000 BTU/HR
PN = 100 WATT- HRS/LB
i
18 T = 8 HRS/EVA MISSION;
TTOTAL = 1440 HRS
\TG(QRFI\D=25%) 4
9,10
14(x=.25) VEH EQUIV WT RATING = 0.35 CRITERIA |
RATING) |
10 \ 1, 2,3 04 VS .Ji

Concept
f Number Cancept Title
Warer Boiler

Water Sublimator
Ptata Fin Flash Evapora‘or

1
2
3
4 Rotary Flash Evaporator
5 Vapor Ditfusion Thru Suit Pressure Vaives
6 Direct Radiative Cooling Using LCG
’ Frean Refrigeration Cycie
8 Direct Cooling Via H50 Adsorption (LiBr)/Radiation =
9 Thermal Storage - lce
10 Thermal Storage  Subcooled Ice
n Thermal Storage - PHHC1
12 Expendable/Direct Radistive Caoling
13 Expendabie/Radiation
14 Expendabie/Thermal Storage - Ice

15 Expendable/Thermal Storage - PH,4C1

16 Radiation/T hermal Starage - Ice

17 Radiation/Thermal Storage PH,C1

18 Thermal Starage (PH4C1)/H20 ﬂdsorphon {NaySe)

E
i
}
| | 1 1

2000 6000 10000
VEHICLE EQUIVALENT WT (LBS)
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100
|

15(%=.25 )- .

50| --

JEUIEGPUE SEUU R

| THERMAL CONTROL

PRIMARY EVALUATION |
LUNAR BASE AEPS _

AEPS EQUIVALENT VOL.
| - i

—

Q
AVG = 2000 BTU/HR

| |

12(X=,25) ——

11

F13 (X, 25) T

QMAX = 5000 BTU/HR

PN= 100 WATT—HRS/LB
|

S R

S

| AEPS EQUIV VOL RATING = 0,25 |

{CRITERIA RATING)

o

14(x=.2§)
7@

R AD=25%

CRITERIA RATING

Y R
| S S
}——*—J—W — e AR 16@ ) = 25— e
T T |
Concept
Ninmbwer Coneept 1itte
F‘ 1 Water Boader —g——— p—r—— - —
Fd Watrr Subhmatar
A Plate £ Tlash E vaporator
4 Rotary Flash Fuaporito
bt Vapar Dittusion Thru Sunt Pressure Valves
6 Direct Radiative Conlig Using £.CG
7 Freon Refriyeration Cycle 8
e 8 Direct Coaling Vit Hp0 Adsorptron TLiB1 Radirtion
9 Thermal Storage e
10 Thermat Storage  Subcooled boe
" Thermiad Storage PHLC?
12 Expendable Direct Ratsative Conhng
14 Enpendable/Raduition
14 Expondable T heroul Stotage Lie
14 Expendihie: Thermal Stonage Prigdl
1% Radition/ Thermal Stocage fen
17 Rathatien Thermel Stocage PH O
1 Thes mal Storage [i‘HA(ZH H.J) K(lmrl\lmn 1N.1_,“~'N
| | R | R W —_ 5

. 1
2000 6000

10000

AEPS EQUIVALENT VvOL (IN3)



THERMAL CONTROL
PRIMARY EVALUATION - LUNAR BASE AEDPS

RELIABILITY

_Concept Rating
1 12.6
2 13.9
3 10,2
4 9.3
D 1.7
6 13.9
7 13.2
8 10.9
9 2.6
1o 6.3
11 10.2
12 15.0
13 12. 4
14 10.8
15 9.3
16 11.9
117 9.3
I8 9.3

Note:

The reliability rating is a comparative assessment of candidate concepts
and is hased upon total number of subsystem components and the number of
subsystem component failures that could cause mission abort and/or loss of
life.
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THERMAL CONI'ROL

PRIMARY EVALUATION

LUNAR BASE AEPS

Concept A B
1 15 4
2 15 4
3 15 4
4 5 4
5 7 4
6 5 5
T 5 )
b 5! 1
9 13 3.6

10 14
11 14 5
12 5 4
13 5! 4
14 14 3
15 15 4
16 5 3.5
17 5 5
18 14.5 1

Notes:

A -~ Don/doff (15 points)
B = Startup (H points)
C = Checkout (156 points)

c

14
14
12
11

3

15

13

D = kgress/ingress (10 points)

E - Shutdown (5 points)

I = Recharge/regeneration (25 points)

OPERABILITY
D E F G
10 5 25 25
10 4 25 25
10 4 25 25
10 4 25 25
10 5 20 25
L 5 25 15
I 5 23 15
I 1 5 15
2 3 7 15
2 1 0 15
2 5 25 20
1 5 25 15
1 5 25 15
2 3 5 20
10 5 25 20
1 3 7 15
1 5 25 15
5 1 5 20

G = Operational variations during KVA (25 points)

total

Operability Rating = 00

(i5) (Normalizing Factor)*

Total

98
97
95
94
74
71
68
36
53,
40
84
69
67
55
91
43.
69
53.

[+ ]

[on}

_Rating

— e e e e
PN T
Ha O W = & D

S OSSO -
o

@

,__
[

NGO TIC dWDHO ~ DN

— —
W oo o
. .

e

*Normalizing [aclor upgrades all ratings Lo permit concept with highest rating to

reccive the full 15 points.



THERMAL CONTROL
PRIMARY EVALUATION - LUNAR BASLE AEPS

FLEXIBILITY
Cuncoept A B < _Total Rating
1 50 25 0 75 7.5
2 50 16 0 66 6. G
3 ol 25 L0 85 8.9
4 50 25 10 85 B. 5
5 50 25 L0 85 8.5
6 40 16 0 06 D.6
7 40 16 L 506 5.6
8 40 16 25 81 8.1
9 30 20 {0 0 5.5
10 20 20 0 A5 4.5
il 40 25 25 90 9.0
12 40 16 0 56 D.6
13 40 16 0 56 5.6
14 40 25 0 65 6.9
15 50 25 25 100 10,0
16 40 16 0 56 5.0
17 40 16 25 81 8.1
18 40 25 25 90 9.0

Notes:

A - EVA mission {lexibility (50 points)
B - Applicability to different space programs (25 points)
C  Ability to incorporate new technology (256 points)

total

Flexibility Rating - 100

(10y (Normalizing Factor)*

*Normalizing lactor upgrades all ratings to permit concepl with highest rating to
receive the full 10 points.
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PRIMARY EVALUATION - LUNAR BASE AEPS

THERMAL CONTROL

SUMMARY
CRITERIA
Concept AEPS Vol. Veh, Wt Reliability  Operability  Flex. Total
1 25.0 3.5 12,6 15,0 7.5 63.6
2 22,5 3.5 13.9 14.9 6.6 61.4
3 20,2 3.5 10,2 14.6 8.5 57.0
4 19.3 3.0 9,3 14,4 8.5 55.0
) 18.0 3.5 1.7 11.3 8.5 43.0
6 25 35,0 13.9 10.9 5.6 65.6
7 1.8 24.9 13.2 10.4 5.6 56.0
8 .44 18.6 10,9 5.3 8.1 43.5
9 2.0 5.6 12.6 8.2 9.5 33.9
10 J.8 0.6 6.3 6,1 4.5 26.3
11 DL 8 28.0 10.2 12.9 9.0 65.9
12 7.3 21.0 15.0 10.6 5.6 59.5
13 9.5 16,1 12,4 10,3 5.6 53.9
14 4.1 5.3 10.8 8.4 6.5 35.1
15 21.3 21,0 9.3 13.9 10,0 75.5
16 L. G 7.7 11.9 6.7 5.6 33.56
17 3.8 28,0 9.3 10.6 8.1 59.8
18 8.0 9, 8 9,3 8.2 9.0 44. 8
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100 - v v
| THERMAL CONTROL ]
1,17(QRAD:25%) PRIMARY EVALUATION |
i MARS AEPS ]
VEHIC GUIVA w
12(X=,25), 15(X=,25) 1 LEE [U LENT !
Q
50 5 | AVG = 2000 BTU/HR
13(X=.25) Q
MAX = 5000 BTU/HR
P
\ N = 100 WATT—HRS/LB
18 T =8 HRS/EVA MISSION
K . |
x TOTAL = 1440 HRS |
6@ , ;=257 [
O 9,10 ‘
<
C 14 (X=,25)
<
[+
< 10 1,3,4,5
z \
E \ VEH EQUIV WT RATING= 0,35 (CRITERIA _
T RATING)
O
\ Concept
Number Concept Title
t Water Boiler
2 Watar Sublimator
a Plate Fin Fiash Evapora‘ar
4 Rotary Flash Fvaporator
& Vapor Diffuston Thru Suit Pressure Valves
£ Duect Aadistive Cooling Using LCG
7 Fraon Aefuigeration Cycle
8 Direct Conhng Vie HZO Adsorption [LiBr)/Radsation =
9 Thermal Storage - |ce ]
10 Thermal Storage - Subccoled ice i
\ 11 Thermal Storage - PH4CY
12 Expendabke/Direct Radiative Cooling
13 Expendable/Radiation i
14 Expendable/Thermal Storage - Ice !
15 £ xpendable/T hermal Storage PH461 i
16 Radiation/Thermat Storage - Ice I
17 Radiation/Thermal Storage PH,C1
18 Thermal Storage (PH,4C1)/H 0 ﬁdsorpnon {Na,Se) J
1 1 L | l
2000 6000 10000

VEHICLE EQUIVALENT WT (LBS)
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CRITERIA RATING

1 . e

s(x=25) +— - . -...| THERMAL conTROL
| PRIMARY EVALUATION
_ MARS AEPS

AEPS EQUIVALENT VOL

e —

Q
1 AVG=2000 BTU/HR

12(X=.25), 13(x=.25) o Q

100

L1

IS S B

MAX = 5000 BTU/HR

B :
N= 100 WATT"HRS/I._B

' ,,ﬁf,‘ I

" AEPS EQUIV VOL RATING = 0.25
’ (CRITERIA RATING)

|

. —
|

|

10 — - — - +-

I 1
bt N 16 @ =R *-]L ]

——

6
+
\ .8
Conrept
L‘ Nuomber Cancept Title
1 Water Bonler -1
? Water Subhimator
3 Mlate Fm Flash £ vaporator
4 Hotary Flash Evaporatin
b Vapor Dittesion Thru St Pressuee Walves
[ Drect Radiative Cooling Using LCG
] Freon Aefngeration Cy e
— 8 Dhrect Conling Via Hat Acsorprion (L) Kadition

9 Thernsd Storage  lee

10 Theomal Storage Subx aoted L

11 Fhesoal Storage PH4i1

17 £ xpendable/Owect Radiatve Conling

K Lxpendahle/Radiition

14 Expendable Thermat Stortage lee

10 Lypendable. Thermal Storage PHLCT

16 Radiation Thermai Storage (oo

17 Hadnatron, Ther i Starage PH4CH

IR Thermal Storage [PH4UTE HAO Adsorplion :NuySel

S L J ]

2000 6000 10000

3
AEPS EQUIVALENT VOL (IN")
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THERMAL CONTROL
PRIMARY EVALUATION - MARS AEPS

RELIABILITY
Concept Rating
1 12.6
3 10.2
1 9.3
D L. 7
G 13.9
7 13.2
] 10.9
9 12,6
10 6.3
11 10,2
12 15,0
13 12.4
14 16. 8
15 9.3
1G 11.9
17 9.3
I8 9.3

The reliability rating is a comparative assessment of candidate concepts
and is based upon total number of subsystem components and the number of
subsystem component failures that could cause mission abort and/or loss of
life.
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THERMAL CONTROL
PRIMARY EVALUATION - MARS AEDPS

OPERABILITY
Concept A B C D E F G Total Rating
1 15 4 14 10 5 25 25 98 15
3 15 4 12 10 4 25 25 95 14. 6
4 15 4 11 10 4 25 25 94 14.4
5 7 4 3 10 5 20 25 74 11.3
6 5 5 15 1 5 25 15 71 10.9
7 o o 14 1 5 23 15 68 10.4
8 5 1 8 1 1 5 15 35 5.5
9 13 3,5 10 2 3 7 15 53.5 8.2
10 4 1 7 2 1 0 15 40 6.1
11 14 5 13 2 5 45 20 84 12.9
12 5 4 14 i 5 25 156 69 10.6
13 5 4 12 1 &5 25 15 67 10.3
14 14 3 8 2 3 5 20 50 8.4
15 15 4 12 10 5 25 20 91 13.9
16 5 3.5 9 1 3 7 15 43.5 6.7
17 5 5 13 1 5 25 15 69 10.6
18 145 1 7 5 1 §5 20 53.5 8.2
Notes:
A = Don/doff (15 points)

B = Startup (5 points)

C = Checkout (15 points)

D -~ Egress/ingress (10 points)

E = Shutdown (5 points)

F = Recharge/regeneration (25 points)

G = Operational variations during EVA (25 points)

Operability Rating = t—%aal' (15) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concoept with highest rating to
reccive the full 15 points.
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THERMAL CONTROL
PRIMARY EVALUATION - MARS AEPS

FLEXIBILITY
Concept A B < Total Rating
i 50 25 0 73 7.5
3 50 25 10 85 B.5
4 50 25 10 35 8.5
5 50 25 10 B85 8.5
6 40 16 0 56 5.6
7 40 le 0 56 5.6
8 40 16 25 81 8.1
9 30 25 0 Do 5.9
10 20 25 0 45 4.5
11 40 25 25 90 9.0
12 40 16 0 56 5.6
13 40 16 0 " 56 5.6
14 40 25 0 G5 6.5
15 50 25 25 100 10.0
i6 40 16 0 o6 5.6
17 40 16 25 81 8.1
18 40 25 25 90 9.0

Notes:

A = EVA mission flexibility (50 points)
B = Applicability to different space programs (25 points)
C = Ability to incorporate new technology (25 points)

otal
100

Flexibility Rating = L (10) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 10 points,
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THERMAL CONTROL
PRIMARY EVALUATION - MARS AEDPS

SUMMARY
CRITERIA
9__0ﬁncept AEPS Vol, Veh, Wi, Reliability Operability Flex, Total
1 25.0 3.5 12.6 15.0 Te5 63.6
3 20.2 3.5 10,2 14,6 8,5 57.0
4 19.3 3.5 9.3 14.4 8.5 535.0
5 i8.0 3.5 1,7 11,3 8.5 43.0
6 1.3 30,0 13.9 10.9 5.6 66.7
7 2,2 24,9 13,2 10.4 5.6 56,3
8 1.0 18,6 10,9 5.5 8.1 44,1
9 2,0 5.6 12,6 8.2 5.5 33.9
10 3.8 9.6 6.3 6.1 4,5 26.3
11 5.8 28,0 10,2 12.9 2.0 65.9
12 11.0 21,0 15,0 10,6 5.6 63.2
13 11,0 16,1 12,4 10.3 5.6 55.4
14 4.1 5.3 10.8 8.4 6.5 35.1
15 21.3 21,0 9.3 13.9 10.0 75.5
16 1.7 7.7 11.9 6.7 5.6 33.6
17 3.8 28.0 9.3 10.6 B.1 59,8
18 8.5 9.8 9.3 8,2 9.0 44.8




5.1.1.3 COg2 Control/0Og2 Supply - Table 5-4 is an index of the sixteen (16) candidate
CO2 control/Og supply concepts that passed the go/no go evaluation and were carried
into the primary evaluation. All sixteen concepts were considered for the Space
Station and Lunar Base missions; however, the AEPS regenerable CO2 control
concepts were omitted for consideration on Mars due to the presence of the CO2
rich ambient environment, R

TABLE 54

CO2 CONTROL/0O2 SUPPLY CONCEPT INDEX

Concept
Number Concept Title
1 Lithium Hydroxide {LiOH)
2 Cooled Lithium Hydroxide
3 Lithium Peroxide (Lio0O,)
4 Magnesium Oxide - Vehicle Regenerable
5 Zinc Oxide - Vehicle Regenerable
6 Magnesium Oxide - AEPS Regenerable
7 Zinc Oxide - AEPS Regenerable
8 Solid Amine - AEPS Regenerable
9 Liquid Amine
10 Solid Electrolyte
" CO, Removal & Reduction/0- Generation
12 CO5 Removal & Storage/Q- Generation
13 CO, Removal & Reduction/O-, Supply
14 €O, Removal & Storage/O S%pply
15 CO5 Reduction/O, Generation (Wick Feed)
16 CO, Reductionloz Generation {Solid Polymer)

The following six (8) conocepts passed the nrimary evaluation and were carried into
the secondary evaluation:

. Lithium Hydroxide (LiOH)

. Magnesium Oxide - Vehicle Regenerable
Zine Oxide - Vehicle Regenerable
Magnesium Oxide - AEPS Regenerable

Zinc Oxide - AEPS Regenerable
Solid Amine - AEPS Regenerable

o M TP

Implementation of the primary evaluation criteria and the resultant candidate COg
control/O2 supply concept ratings are presented in detail on the following pages.
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SPACE STATION




CRITERIA RATING

CC.‘rz CC)NTROL/O2 SUPPLY

100 PRIMARY EVALUATION
87 1 - SPACE STATION AEPS
VEHICLE EQUIVALENT WT
= 1050 BTU/HR 1
7T QMET 50 /
5 6 T =4 HRS 7 !
4 ‘ 1
50 —t ot -
3 VEHICLE EQUIV WT RATING =
— 0.30 (CRITERIA RATING)
_J - |
i | L ]
| | | |
1 9 . ! i \
: | i r
T 1 1 i
]
| 1 :t
15 :
167 | 1
i 5 | !
Concept i |
10— Number ~ Concept Title T BT
| - 1 Lithium Hydroxide (LiOH) !
- 2 Cooled Lithium Hydroxide !
3 Lithyum Perox:ide { 7
— 4 Magnesium Oxide - Vt%hlde Regenerabie E . -
5 Zinc Oxide - Vehicle Regenerable i
— 6 Magnesium Oxide - AEPS Regenerable ,
7 Zinc Oxide - AEPS Regenerable 2,37 N\
8 Solid Amine - AEPS Regenerabie i
9 Liquid Amine f
10 Solid Electrolyte
| n CO, Removal & Reduction/Q, Generation I
12 CO, Removal & Storage/O, Generation
13 CO, Removal & Reduction O, Supply
14 COZ Removal & Storage/O Supply
15 CO, Reduction/O9 Genera%non (Wick Feed) |
— 16 Co, Reducuon/oz Generation {Solid Polymer) '
|
|
| ‘ ;
; |
i |
! |
| J :
, J j

500 ' 1000
VEHICLE EQUIVALENT WT (LBS)
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CRITERIA RATING

co, CONTROL/02 SUPPLY

100 4 PRIMARY EVALUATION
—5 X2 SPACE STATION AEPS
— 13 AEPS EQUIVALENT VOL

| 111

7 QMET= 1050 BTU/HR

T=4 HRS
50 ; . r

NOTE:
9 ¢ AEPS EQUIV VOL RATING = 0,30
(CRITERIA RATING)
s CONCEPTS 10 THRU 16=0
E

|

Concept |
|0} Number Congept Title  + - Mg —————]
: 1 Lithium Hydroxide (LiOH)
2 Cooled Lithium Hydroxide
| 3 tithium Peroxide (Li O5)
. 4 Magnesium Oxide - Vehicle Regenerable
- 5 Zinc Oxide - Vehicle Regenerable
5 b— 6 Magnesium Oxide - AEPS Regenerable
7 Zinc Oxide - AEPS Regenerabie
8 Solid Amine - AEPS Regenerable
o 9 Liquid Amine R
10 Solid Electrolyte
11 CO, Removal & Reduction/0, Generation
— 12 CO, Removal & Storage/O, Generation

13 CO, Removal & Reduction/O5 Supply

14 CO, Removal & Storage/O, Supply

15 CO, Reduction/02 Generation (Wick Feed)
CO, Reduction/O, Generation (Solid Polymer)

|

1000 ' 2000 3000

3
AEPS EQUIVALENT VOL (IN ™)
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CO2 CONTROIL/O02 SUPPLY
PRIMARY EVALUATION - SPACIE STATION AlDS

RELIABILITY
1 15.0
2 15.0
3 12,0
4 10.7
5 10,7
G 7.2
7 7.2
8 9.5
9 6.4
10 4.5
11 3.0
12 3,3
13 5.5
14 5.5
15 3.8
16 3.8

Note:

The reliability rating is a comparative assessment of candidate concepts
and is based upon total number of subsystem conponents and the number ol
subsystem component [failures that could cause mission abort and/or loss of
life.
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CO2 CONTROL/Q» SUPPLY
PRIMARY EVALUATION - SPACE STATION AEDPS

OPERABLLITY

Concept A B Cc D I r G Total Rating

1 15 5 15 10 D 10 25 85 13.8

2 15 b 13 10 5 5 25 68 10.4

3 15 2 10 10 3 5 20 65 9.9

4 15 o 13 10 5] 10 25 83 12,6

5 15 5 13 10 5] 10 25 83 12,6

6 15 5 10 10 5 20 25 90 13.7

7 15 15 10 10 5 20 25 90 13.79

8 15 5 13 10 5 25 25 98 15,0

9 10 2 ) o 1 20 25 68 10.4

10 5% 1 1 1 1 7 25 41 6.4

11 5 1 1 I 2 10 25 45 7.0

12 5 1 1 1 4 7 25 44 6.8

13 5 1 1 1 2 7 25 42 6.5

14 5 1 1 1 4 5 25 42 6.5

15 5 1 1 1 2 7 25 42 6.5

16 5 1 1 1 2 7 25 42 6.5
Notes:

A = Don/doff (15 points)
B = Startup (5 points)
C = Checkout (15 points)

D = Egress/ingress (10 points)
E = Shutdown (5 points)
F = Recharge/regeneration (25 points)

G = Operational variations during EVA (25 points)

total
100

Operability Rating - {(15) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 15 points,
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CO2 CONTROL/O, SUPPLY
PRIMARY EVALUATION - SPACE STATION AEPS

FLEXIBILITY
Concept A B C_ Total Rating

1 50 25 0 75 7.2
2 50 25 0 75 7.5
3 20 25 15 90 9.0
50 25 23 100 10.0

o 50 256 25 100 10.0
G Ho 17 25 92 9.2
7 a0 L7 25 92 9.2
8 50 7 25 92 9.2
. 0 17 25 92 9.2
10 1o 15 25 o0 5.0
11 Lo 15 25 50 5.0
12 10 15 25 50 5.0
13 10 15 25 50 5.0
14 10 15 25 a0 5.0
15 1o 15 25 50 5.0
16 10 15 25 a0 5.0

Notes:

A = EVA mission flexibility (50 points)
B - Applicability to different space programs (25 points)
C = Ability to incorporate new technology (25 points)

total
100

Flexibility Rating - (10) (Normalizing I'actor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
reccive the full 10 points,
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CO2 CONTROL/0O2 SUPPLY
PRIMARY EVALUATION - SPACE STATIUON AEPS

SUMMARY

Criteria .
Concept AEPS Vol, Veh. Wt.  Reliability Operability Flexibility Total

1 25.8 3.0 15.0 13.0 7.5 64.3
2 26.7 1.5 15. 0 10.4 7.5 61.1
3 25.2 1.5 12.0 9.9 9.0 57.6
4 27.0 15.0 10.7 12.6 10.0 75.3
5 28,2 19,5 10,7 12,6 10.0 81.0
6 15,9 16. 2 7.2 13.7 9.2 65.2
7 19,2 20,4 7.2 13.7 9.2 69.7
8 15.3 27.6 9.5 15.0 9.2 76.6
9 1.1 7.8 6.4 10,4 9.2 34.9
10 0 0 4.0 6.4 5.0 15.9
11 0 0 3.0 7.0 5.0 15.0
12 0 0 3.3 6.8 5.0 15.1
13 0 13.5 5.5 6.5 5.0 30.5
14 0 0 5.5 6.5 5.0 17.0
15 0 3.9 3.8 6.5 5,0 19.2
16 0 4.1 3.8 6.5 5.0 19.4
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LUNAR BASE
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COZ CONTFQC)L/O2 SUPPLY

Tele, iy — - PRIMARY EVALUATION
8 LUNAR BASE AEPS
VEHICLE EQUIVALENT WT
Q .= 1050 BTU/HR
7 MET ‘
5 6 T =8 HRS/EVA MISSION —
13 T = 1440 HRS 1
50~ i 161 TOTAL I S
VEHICLE EQUIV ]
! WT RATING = 0,35 (CRITERIA RATING)
! |
| | |
-t l :
g i i
| f
10 |
o A | |
Z 5
= |
x | |
< ‘ ;
‘ !
E XM | |
= 10 t 1 ?
4 — ]
L |___Concept 4+ ‘
Number Concupt Title ‘
L 1 Lithium Hydroxide (LiOH) —
2 Cooled Lithium Hydroxide 2,3
5 3 Lithium Peroxide (L1 02) +
4 Magnesium Oxide - Vehicle Regenerable ! !
5 Zinc Oxide - Vehicle Regenerable ‘ |
— 6 Magnesium Oxide - AEPS Regenerable ! ‘
7 Zinc Oxide - AEPS Regenerable |
8 Solid Amine - AEPS Regenerable ‘ 1
—— 9 Liquid Amine 1
10 Solid Electrolyte t ‘
1 CO5 Removal & Reduction/O- Generation ‘ |
12 CO Removal & Storage/Q, Generation | {
- 13 C02 Removal & Reduction O, Supply e ,
14 CO, Removal & Storage/O, Supply ! !
15 C02 Reduct;on/o Genera%on {(Wick Feed)
16 CO, Reducnon/Oz Generation (Sohid Polymer)
J | | ! f
I _ 1 } % B
1000 2000 3000

VEHICLE EQUIVALENT WT (LBS)
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OOy

50!

CRITERIA RATING
O

002 CONTROL/O2 SUPPLY

LUNAR BASE AEPS

MET
T =8 HRS

- == PRIMARY EVALUATION

AEPS EQUIVALENT VOL
Q = 1050 BTU/HR

3

_ |
!
l [
NOTE:

(CRITERIA RATING)

1 l X

§

|

* AEPS EQUIV VOL RATING = 0,25

¢ CONCEPTS 10 THRU 16 =0

—

Concept
—  Number

WOO~NITT DL WRN -

Concept Title

Lithium Hydroxide (LiOH)
Cooled Lithium Hydroxide

Lithium Peroxide (Li505)

Magnesium Oxide - Vehicle Regenerable
Zinc Oxide - Vehicle Regenerable

Magnesium Oxide - AEPS Regenerable

Zinc Oxide - AEPS Regenerable
Solid Amine - AEPS Regenerable
Ligquid Amine

Solid Electrolyte

COZ Removal & Reduction/O-, Generation
CO- Removal & Storage/0, Generation
CO, Removal & Reduction/O5 Supply

CO, Removal & Storage/O5 Supply
CO>5 Reduction/O, Generation (Wick Feed)
CO- Reduction/0, Generation (Solid Polymer)

2000 4000 6000

AEPS EQUIVALENT VOL (IN 3)
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COs CONTROL/02 SUPPLY
PRIMARY EVALUATION - LUNAR BASE AEPS

RELIABILITY

Concept Rating
1 15.0
2 15.0
3 12. 0
4 10,7
o 10.7
6 7.2
7 7.2
8 9.5
9 b, 4
lﬂ 4.5
11 3.0
12 3.3
13 5.5
14 5.5
L5 3.8
16 3.8

Note:

The reliability rating is a comparative assecssment of candidate concepts
and is based upon total number of subsystem components and the number of
subsystem component failures that could causc mission abort and/or loss of

life.



CO» CONTROL/O0 SUPPLY
PRIMARY EVALUATION - LUNAR BASE Al'S

OPERABILITY

Concept A B c D E P G Total Rating
1 15 ) 15 10 ) 10 25 85 13.8
2 15 5 13 10 5 5 25 68 10.4
3 15 2 10 10 3 5 20 65 9.9
4 15 5 13 10 5 10 25 83 12,6
5 15 15 13 10 5] 10 25 83 12.6
i 13 5 10 10 ) 20 25 90 13.7
7 15 D 10 10 o 20 25 90 13.7
b h H 13 10 D 25 25 98 15.0
9 10 2 5 5 1 20 25 68 10.4
10 5 1 I ] 1 7 25 41 6.4
1i D 1 1 1 2 10 25 45 7.0
12 H 1 1 1 4 1 25 44 6.8
13 5 1 1 1 2 7 25 42 6.5
14 5 1 1 1 4 5 25 42 6.5
15 5 1 1 1 2 7 25 42 6.5
16 ] 1 1 1 2 7 25 42 6.5

Notes:

A = Don/dotf (15 points)

B = Startup (5 points)

C = Checkout (15 points)

D = Bgress/ingress (10 points)

I = Shutdown (6 points)

I' = Recharge/regeneration (25 points)

G = Opcrational variations during EVA (25 points)

. . total L
Operability Rating = —I—(T(T (15) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 15 points,



CO» CONTROL/O2 SUPPLY
PRIMARY EVALUATION - LUNAR BASE AEDS

FLEXIBILITY
Concept A B C_ Total Rating
1 50 25 0 75 7.5
2 30 25 0 75 7.0
3 50 25 15 90 9.0
4 50 25 25 100 10.0
5 50 25 25 100 10,0
6 50 17 25 92 9.2
7 50 17 25 92 9.2
8 00 17 25 92 9.2
9 00 17 25 92 9.2
10 10 15 25 n0 5.0
11 10 15 25 o0 5,0
12 10 15 25 50 5.0
13 10 15 25 50 5.0
14 10 L5 25 a0 5.0
15 10 15 25 20 5.0
16 10 15 25 o0 5.0
Notes:

A = FVA mission flexibility (50 points)
B = Applicability to different space prograims (25 points)
C = Ability Lo incorporate new technology (25 points)

total
Flexibility Rating = —‘;——06 (10) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 10 points.
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CO» CONTROL/Oz SUPPLY

PRIMARY EVALUATION - LUNAR BASE AEDPS

SUMMARY
Criteria i

Concept AEPS Vol. Veh. Wi, Reliability Operability Flexibility Total
1 22,3 3.5 15,0 13.0 7.5 61.3
2 23.0 1.8 15.0 10,4 7.5 57,7
3 21.8 1.8 12,0 9.9 9.0 b4. 5
4 23.5 17.2 10.7 12,6 10.0 74.0
5 24.3 22.1 10.7 12.6 10.0 79.7
6 20,5 18,9 7.2 13.7 9.2 69,5
7 21.0 24,1 7.2 13.7 9.2 75.2
8 19,0 33.6 9.5 15.0 9.2 86. 3
9 15.3 10.5 6.4 10.4 9.2 51.8
10 0 8.1 4.5 6.4 5.0 24,0
11 0 7.7 3.0 7.0 5.0 22,7
12 0 1.2 3.3 6.8 3.0 16,3
13 N 20,7 5,5 6,5 5.0 37,7
14 0 3.7 5.5 6.5 5.0 20.7
15 0 16.5 3.8 6.5 5.0 31.8
16 0 16.5 3.8 6.5 5.0 31,8
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CO» CONTROL/O; SUPPLY

CRITERIA RATING

1OQ—— 71— PRIMARY EVALUATION S
MARS AEPS ]
VEHICLE EQUIVALENT WT -
5 QMET = 1050 BTU/HR —_—
501: 13 4 :]':-“ 8 HRS/EVA MISSION |
VEHICLE EQUIVALENT WT RATING = 0.35
- (CRITERIA RATING) l E
! | !
| | |
n |
10 | ! ‘
: — 1
! E %
| ,
I i X
, |
14
To) B ~1 +- |
- Concept
L Number Concept Title
B 1 Lithium Hydroxide (LIOH) |
| 2 Cooled Lithium Hydroxide [ 3
3 Lithium Peroxide (Li 02) 23 |
5t 4 Magnesium Oxide - \/ghicle Regenerable L LA ]
5 Zinc Oxide - Vehicle Regenerable ;
6 Magnesium Oxide - AEPS Regenerable P
B 7 Zinc Oxide - AEPS Regenerable ; !
8 Solid Amine - AEPS Regenerable . !
9 Liquid Amine
— 10 Solid Electrolyte I
11 CO5 Removal & Reduction/O, Generation | ;
12 CO, Removal & Storage/O, Generation f
13 C02 Removal & Reduction 02 Supply ‘ i
— 14 CO, Removal & Storage/O, Supply : t
15 CO, Reduction/O, Generation (Wick Feed) i ;
16 COj Reduction/O} Generation (Solid Polymer) | |
: , :
| ; ;
| |
, | ;

1000 2000 3000
VEHICLE EQUIVALENT WT (LLBS)
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CO2 CONTR’OL/O2 SUPPLY

OO0 xg251 - PRIMARY EVALUATION
— MARS AEPS —
I AEPS EQUIVALENT vOLL ]
‘ﬁ = ———
{ QMET = 1050 BTU/HR i
T =8 HRS |
50 | '
NOTE: I
AEPS EQUIV VOL RATING = 0,25 {CRITERIA
¢CONCEPTS 10 THRU 16 =10 RATING)
i !
| l
l
|
|
|
QO
Z
= !
< !
22 |
< | ,
m |
E O }——Concept
= Number ~ Concept Title
© 1 Lithium Hydroxide {(LiOH) !
— 2 Cooled Lithium Hydroxide l
3 Lithium Peroxide (L
4 Magnesium Oxide - Vzhmle Regenerable
5 5 Zinc Oxide - Vehicle Regenerable
6  Magnesium Oxide - AEPS Regenerable
7 Zinc Oxide - AEPS Regenerable
| 8 Solid Amine - AEPS Regenerabie
9 Liquid Amine |
10 Solid Electrolyte |
— 11 CO, Removal & Reduction/O, Generation  —
12 CO Removal & Storage/O- Generation f
13 €O, Removal & Reduction 05 Supply |
14 CO, Removal & Storage/O upply
f— 15 co Reduct|0n/02 Generafion (Wick Feed) ]
16 €O,y Reduction/O, Generation (Solid Polymer) 5
| |
‘ |
[ ' 2000 4000 6000

AEPS EQUIVALENT vOL (IN 3)
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CO2 CONTROL/Oz SUPPLY
PRIMARY EVALUATION - MARS AEPS

RELIABILITY

Concept Rating
1 15,0
2 15.0
3 12.0
4 10,7
5 10.7
10 4.5
11 3.0
12 3.3
13 5.5
14 5.5
15 3.8
16 3.8

Note:

The reliability rating is a comparative assessment of candidate concepts
and is bascd upon total number of subsystem components and the number of
subsystem component failures that could causc mission abort and/or loss of
life.



CO2 CONTROL/O2 SUPPLY
PRIMARY VALUATION - MARS AEDS

OPERABILITY

Concept A B_ (o D E_ F G Total Rating

1 15 5 15 10 5 10 25 85 13.8

2 15 5 13 10 D 5 25 G8 10.4

3 15 2 10 10 3 5 20 65 9.9

4 15 5 13 10 5 10 25 83 12.6

5] 15 G 13 10 5 10 25 83 12. 6

10 5 1 1 1 1 7 25 41 6.4

11 5 1 1 1 2 10 25 45 7.0

12 3] 1 1 1 4 7 25 44 6.8

13 5 1 1 1 2 7 25 42 6.5

14 5 1 1 i 4 5 25 42 6.5

15 5 1 1 1 2 7 25 42 6.5

] 5 1 1 1 2 7 25 42 6.5
Notes:

A = Don/doff (15 points)

B = Startup (5 points)

C = Checkout (15 points)

D = Egress/ingress (10 points)

E = Shutdown (5 points)

F = Recharge/regeneration (25 points)

G = Operational variations during EVA (25 points)

Operability Rating = E_IQ% (15) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 15 points.
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CO2 CONTROL/Oy SUPPLY
PRIMARY EVALUATION - MARS AEDPS

FLEXIBILITY

Concept A B C Total Rating
1 50 25 0 75 7.9
2 50 25 0 TS 7.5
3 50 25 i5 90 9.0
4 50 25 25 100 1.0
5 50 25 25 100 10.0
10 10 15 25 50 5.0
11 10 15 25 50 2.0
12 10 15 25 30 5.0
13 10 15 25 50 5.0
14 10 15 25 a0 5.0
15 10 15 25 50 5.0
16 10 15 25 50 5.0
Notes:

A = EVA mission flexibility (50 points)
B = Applicability to different space programs (25 points)
C = Ability to incorporate new technology (25 points)

total

100 (10) (Normalizing Factor)*

Flexibility Rating =

*Normalizing [actor upgrades all ratings to permit concept with highest rating to
recceive the full 10 points.
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CO2 CONTROL/02 SUPPLY
PRIMARY EVALUATION - MARS AEPS

SUMMARY

Criteria
Concept AEPS Vol. Veh, Wt. Reliability Operability Flexibility Total

1 22.3 3.5 15.0 13.0 7.5 61.3
2 23,0 i. 8 15,0 10.4 7.5 57.7
3 21,8 1.8 12,0 9.9 9,0 54,5
4 23.5 17.2 10.7 12.6 10.0 74.0
) 24,3 22.1 10.7 12.6 10,0 79.7
10 0 8.1 4.5 6.4 5.0 24.0
11 0 7.7 3.0 7.0 5.0 22.7
12 0 1.2 3.3 6.8 5,0 16.3
13 0 20,7 5,5 6.5 5.0 37.7
14 0 3.7 5.5 6.5 5.0 20.7
15 0 16.5 3.8 6.5 5.0 31.8
16 0 16.5 3.8 6.5 5.0 31.8
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5.1.2 Secondary Evaluation

5.1.2.1 General - The sccondary evaluation represents a step in depth of competitive
evaluation which is taken if no clear-cutl sclection is available from the primary evalua-
tion. Ratings of the candidate concepts against secondary characteristics are relative
assessments within each area of consideration and, as in the implementation of the
primary criteria, each candidate concept receives n raling of from 0 to 100 for each
criterion. FEach rating is then multiplied by the weighting factors defined in Table 5-5
and the ratings added to obtain a total rating for each candidate concept. A concur-
rent review of both the primary and secondary evaluation results is then conducted,
Those concepts which score relatively high in both evaluations are considered to have
passed the secondary evaluation; those that score relatively low in both evaluations
are rejected and eliminated from further consideration,

In any event, the gecondary criteria are applied against all recommended concepts
to provide a systematic review of the overall acceptability of these selected concepis
and to ensure that these characteristics would not preclude their use,

The secondary criteria are defined as follows:

Vehicle Equivalent Volume - Vehicle equivalent volume is a volumetric measure
of the subsystem, expendables, recharge and/or regeneration equipment, power
penally, heat rejection penalty, and special interface equipment, and is a
""second-order" tool which provides an objective quantitative basis for evaluation.

AEPS Equivalent Weight - Since this criterion is directly considered in the
primary criteria of vehicle equivalent weight, the primary emphasis of weight
in the secondary criteria is the limiting factor of ability to handie, service,
move, replace, and/or install the equipment and the effect upon the total EVA
system (including AEPS, space suit, etc.) center of gravity.

Interface Compatibility - This is a measure of the ability of the concept to
integrate with other subsystems or components, the crew, the space suit and ,
the vehicle without a severe penalty on the other areas, Because of the physical
and functional scope of an AEPS, an interface check is necessary to assure that
no unreasonahle problems are encountered in eventual integration of the AEPS

in the total mission/vehicle system.

Maintainability - Maintainability is a measure of the time required for checkout,
replacement of expendables, regeneration of components or subsystems, clean-
ing, and scheduled and unscheduled maintenance where such operations are
required. This assessment is made after a satisfactory design concept is evolved
with respect to performance, spares, redundancy, and modularity.

Cost - Cost is a secondary criterion since the mission must first be achieved.
If two or more competing concepts can achieve the mission, then cost differences
are considered as a significant basis for decision.



5.2.1 {continued)
TABLE 5-5 SECONDARY CRITERIA WEIGHTING FACTORS

Weighting Factors
Space Station Lunar Base Mars Landing
Vehicle Equivalent Volume 0.30 0,30 0.30
AEPS Equivalent Weight 0.15 0.20 0.20
Interface Compatibility 0.25 6.20 0.20
Maintainability 0.20 0.20 0,20
Cost 0.10 0.10 0.10

The secondary criteria whose ratings were determined quantitatively are vehicle
equivalent volume and AEPS equivalent weight, The competitive ratings for both
these criteria were determined in a manner similar to that described for the quanti-
tative primary criteria (see Section 5.1) and in accordance with Table 5-6.

The ratings of the three remaining secondary criteria were determined qualitatively.
The interface compatibility rating was determined by dividing interface compatibility
into three subareas and weighting them as follows:

A, Other AEPS Subsystem Interfaces 20 points
B. Crew Interfaces 50
C.  Vehicle Interfaces _30

100 points

A relative assessment of cach candidate concept was then made and the sum of the
ratings of the three subareas was equal to the total interface compatibility rating
for each candidate concept.

The maintainability rating was determined by dividing maintainability into three
subareas and weighting each area as follows:

A, Complexity of maintenance 40 points
B. Average downtime 20
C. Frequency of downtimes _40

100 points
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QUANTITATIVE SECONDARY CRITERIA RATING END POINTS

SUBSYSTEM

IThermal Control

ICO2 Control/O2 Supply

Vehicle Equivalent Volume
100 points
10 points

MISSION

LUNAR BASE

6 ft3
90 ft3

AEPS Equivalent Weight
100 points
10 points

Vehicle Equivalent Volume)

100 points

9000 in®

17,000 in® 17,000 in3
10 points 42,500 in3 87,000 in3d 87,000 in3
AEPS Equivalent Weight
100 points B Ibs 12 ibs 12 lbs
10 points 41 lbs 80 ibs 80 lbs

TABLE 5-6




5.1.2.1 (continued)

A relative assessment of cach candidate concept was then made and the sum of the
ratings of the three subareas was equal to the total maintainability rating for each
candidate concept.

The cost rating was determined by dividing cost into two subareas and weighting
each as follows:

A, Recurring cost 30 points
B. Non-recurring cost 70
100 points

A relative assessment of each candidate concept was then made and the sum of the
ratings of the two subareas was equal to the total cost rating for each candidate
concept.

The rating for each secondary criterion was multiplied by the weighting factors

defined in Table 5-5 and then summed up fo determine the final competitive rating
for each of the remaining candidate concepts.
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5.1.2.2 Thermal Control - Nine (9) thermal control concepts passed the primary
evaluation and were carried into the secondary evaluation. Concepts 1, 2, 11, 13 and
15 were considered for Space Station, all nine were considered for Lunar Base, and
all but concept 2 were considered for Mars.

The following six (6) concepts passed the secondary evaluation:

Water Boiler

Water Sublimator

Thermal Storage - PHyCl
Expendable/Direct Radiative Cooling
Expendable /Radiation
Expendable/Thermal Storage - PH4Cl

e L0 o

Implementation of the secondary evaluation criteria and the resultant candidate
thermal control concept ratings are presented in detail on the following pages.
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CRITERIA RATING

100”—‘"'—‘(
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THERMAL CONTROL

SECONDARY EVALUATION
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THERMAIL CONTROL
SECONDARY EVALUATION - SPACE STATION AEPS

INTERFACE COMPATIBILITY

Concept A B_ C Total Rating

1 20 52 20 92 25.0

2 20 52 20 92 25.0

11 20 28 28 76 20,7

13 20 L0 20 Ho 13.6

15 20 44 20 84 23.0
Notes:

A - Other AEPS Subsystem Interfaces (20 points)
B = Crew Interfaces (50 points)
C = Vehicle Interfaces (30 points)

total

100 (25) (Normalizing Factor)*

Interface Compatibility Rating =

*Normalizing tactor upgrades all ratings to permit concept with highest rating to
receive the full 25 points.
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A
B
C

It

THERMAL CONTROL

SECONDARY EVALUATION - SPACE STATION /A EPS

Concept A
1 40

2 40
i1 40
13 I
15 40

Notes:

MAINTAINABILITY
B c
20 40
20 40
20 40
10 10
20 40

Complexity ol Maintenance (40 points)
Average Downtime (20 Points
Frequence of Downtimes (40 points)

Maintainability Rating

¥

___total

100

(20)

Total Rating
100 20.0
100 20,0
100 20.0

35 7.0
100 20,0

*
{Normalizing Factor)

Normalizing factor upgrades all ratings to pernit concept
with highest rating to receive the full 20 points.
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THERMAL CONTROL
SECONDARY EVALUATION - SPACE STATION AEPS

COST
Concept A B Total Rating
1 30 T0 100 10,0
2 30 70 100 10.0
11 i5 0 15 1.5
13 15 50 65 6.5
15 10 0 10 1.0

Notes:
A = Recurring Cost
B = Nonrecurring Cost

total
100

Cost Rating = (10y (Normalizing Factlor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 10 points.



THERMAL CONTROL

SECONDARY EVALUATION - SPACE STATION AEPS

SUMMARY
Criteria
Vehicle AEPS Interface

Concept Volume Weight Compatibility Maintainability Cost Total
1 3.0 15. 0 25.0 20.0 10.0 73.0

2 3.0 9.8 25.0 20.0 10,0 67.8

11 30.0 0 20,7 20,0 1.5 72.2
13 30.0 2.1 13.6 7.0 6.5 59.2
15 20.0 0.3 23.0 20.0 1.0 64.3
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CRITERIA RATING
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CRITERIA RATING
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THERMAL CONTROL
SECONDARY EVALUATION - LUNAR BASE AEDPS

INTERFACE COMPATIBILITY

Concept A B C_ Total Rating
1 20 50 20 90 20.0
2 20 50 20 20 20.0
6 [35) 10 30 55 12,2
7 15 10 30 55 12,2
11 20 25 30 75 16,7
12 15 10 20 45 10.0
13 20 10 20 50 11.1
15 20 40 20 80 17.8
17 20 10 25 55 12,2
Notes:

A = Other AEPS Subsystem Interfaces (20 points)
B = Crew Interfaces (50 points)
C = Vehicle Interfaces (30 points)

Interface Compatibility Rating = L(lg%ol (20) (Normalizing IFactor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the tull 20 points,
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THERMAL CONTROL

SECONDARY EVALUATION - LUNAR BASE AEPS

MAINTAINABILITY
Concept A B C Total Rating
1 40 20 40 100 20.0
2 40 20 40 100 20.0
6 15 10 10 35 7.0
7 is 10 ) 30 6.0
11 40 20 40 100 20.0
12 15 10 10 35 7.0
13 15 10 D 30 6.0
i5 40 20 40 100 20.0
17 15 10 5 30 6.0

Notes:

A = Complexity of Maintenance (40 points)

B = Average Downtime (20 points)

C = Frequency ot Downlimes (40 points)

Maintainubility Rating

100

__total

(20) (Normalizing I'actor)

* Normalizing factor upgrades all ratings to permit concept
with highest rating to reccive the full 20 points.
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THERMAIL CONTROL
SECONDARY EVALUATION - LUNAR BASE AEPS

COST

Concept A B Total Rating
1 30 70 100 10,0
2 30 70 100 10.0
G 20 60 80 8.0
7 15 50 65 6.5
11 15 0 15 1.5
12 20 60 80 8.0
13 15 60 75 7.5
15 10 0 10 1.0
17 10 0 10 1.0

Notes:
A = Recurring Cost
B = Nonrecurring Cost

total
100

Cost Rating = (10) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 10 points.
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THERMAL CONTROL
SECONDARY EVALUATION - LUNAR BASE AEDPS

SUMMARY
Criteria
Vehicle AEPS Interface
Concept Volume  Weight Compatibility Maintainability Cost Total

1 3.0 20.0 20.0 20.0 10.0 73.0
2 3.0 16.0 20,0 20.0 10.0 69.0
6 30.0 5.0 12.2 7.0 8.0 62.2
7 27.0 0.8 12,2 6.0 6.5 52.5
i1 30.0 H 16.7 20,0 1.5 68.2
12 18.0 20.0 10,0 7.0 8.0 63.0
13 16,5 7.6 11,1 6.0 7.5 49,2
15 18,0 0.4 17.8 20.0 1.0 57.2
17 30.0 0 12,2 6.0 1.0 49.2
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CRITERIA RATING

100

50

10

THERMAL CONTROL _

SECONDARY EVALUATION _J

MARS AEPS

VEHICILE EQUIVALENT VOL
e %
FAVG = 2000 BTU/HR
“MaX = 5000 BTU/HR

I:’N = 100 WATT—HRS/LB

T =8 HRS/EVA MISSION _

TTOTAL= 1440 HRS

" VEHICLE EQUIV VOL RATING = 0.30 {CRITERIA

|

RATING)

Concept
Number
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2
3
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i
|
j
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100
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100

50

CRITERIA RATING

10

1,127\
N\

THERMAL CONTROL
SECONDARY EVALUATION
\ MARS AEPS

\ AEPS EQUIVALENT WT

-

P

Q

6 Q

L

AVG = 2000 BTU/HR
MAX = 5000 BTU/HR

13 + P
\ ( N = 100 WATT—HRS/LB

NOTE:
» AEPS

EQUIV WT RATING = 0,20

I

(CRITERIA

RATING)

eCONCEPTS 11 & 17 =0 \

N\

| Water Botler
? W ter Sublinaator
3 Plate B Flosh L vapasator
4 oty Flash | vaporaton
b Vapor Diftusion Thras Smt Pressare Vilves
f Dot Radiatave Cooting Usowg LCG
! Freon Retageration Cycte
8 Duect Coohoyg Vo HL,O Adsorpton (1 Kot
b Theroiil Storsge 1o
10 Thernd! Storage Subeookod b
1t Thermal Storage Pr14(2!
12 E xpendddblo/ Direct Rathatse {oolimg

Concept Title

15~

13 Expermtable’Ratation

14 Expendable Thenmal Storage e

1% t wppendable Thenmat Storage pl|at'1

R0 Hadiation Thermial Stoeqge ee

V7 Haduition Theroal Storage PHgL L

AR hes ol Stocage lPH_llfl‘ L0 ‘ll'nuplllnl Ny J
| J 1 1 1 e

20

60
AEPS EQUIVALENT WT (LBS)
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THERMAL CONTROL
SECONDARY EVALUATION - MARS AEPS

INTERFACE COMPATIBILITY

Concept A B_ C. Total Rating

1 20 o0 20 90 20,0

6 15 10 30 55 12.2

7 15 10 30 55 12.2

11 20 25 30 75 16.7

12 15 10 20 45 10.0

13 20 10 20 50 11.1

15 20 40 20 80 17.8

17 20 10 25 855 12.2

Notes:

A = Other AEPS Subgystem Interfaces (20 points)
B = Crew Interfaces (50 points)
C = Vehicle Intcrfaces (30 points)
. \ - . total . .-
Interfacce Compatibility Rating = -1_66— (20} (Normalizing Factor)*
*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 20 points,



THIERMAL CONTROL
SECONDARY EVALUATION - MARS AEPS

MAINTAINABILITY
Conceept A B C Total Rating
1 ' 40 20 40 100 20,0
6 40 20 40 100 20.0
7 15 10 10 36 7.0
11 40 20 40 100 5.0
12 15 10 10 30 7.0
13 15 10 5 30 6.0
15 40 20 40 100 20.0
17 15 10 5 30 6.0
Notes:
A = Complexity of Maintenance (40 points)
B = Average Downtime (20 points)
C = TFrequency of Downtimes (40 points)
k3
Maintainability Rating = total  (20) (Normalizing Factor)

106

* Normalizing factor upgrades all ratings to permit concept
with highest rating to receive the full 20 points.
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THERMAL CONTROL
SECONDARY EVALUATION - MARS AEPS

COST
Concept A B Total Rating
1 30 70 1006 10. 0
6 20 60 80 8.0
7 15 50 65 6.9
11 15 0 15 1.5
12 20 60 80 8.0
13 15 60 75 7.5
1d 10 0 10 L, 0
17 10 0 10 1.0

Notes:
A = Recurring Cost
B = Nonrecurring Cost

total
100

Cost Rating = (10) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 10 points,
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THERMAL CONTROL
SECONDARY EVALUATION - MARS AEPS

SUMMARY
Criteria
Vehicle AEPS Interface

Concept Volume Weight Compatibility Maintainability Cost Total
1 3.0 20.0 20.0 20.0 10.0 73.0
6 30.0 9.4 12,2 7.0 8.0 (6.6
7 27.0 0.9 12.2 6.0 6.5 52,6
i1 30.0 0 16.7 20,0 1.5 68,2
12 18,0 20.0 10,0 7.0 8.0 63.0
13 16,5 8.0 11.1 6.0 7.5 49,2
15 18.0 0.4 17.8 20.0 1.0 57.2
17 30.0 0 12.2 6.0 1.0 49,2
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5.1.2.3 COy» Control/Oo Supply - Six (6) CO2 control/O2 supply concepts passed the
primary c¢valuation and were carried into the secondary evaluation. All six of these
concepts were considered for Space Station and Lunar Base; however, only Lithium
Hydroxide (LiOH) and the two vehicle regenerable metallic oxide concepts were con-
sidered for Mars.

The following five (5) concepts passed the secondary evaluation:

Magnesium Oxide - Vehicle Regenerable
Zinc Oxide - Vehicle Regenerable
Magnesium Oxide ~ AEPS Regenerable
Zine Oxide - AEPS Regenerable

Solid Amine - AEPS Regenerable

.(DCLOU‘N

Implementation of the secondary evaluation criteria and the resultant candidate COg
control /Og supply concept ratings are presented in detail on the following pages.
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COz ('.',ONTROL/O2 SUPPLY

~— SECONDARY EVALUATION —

SPACE STATION AEPS ]

VEHICLE EQIUIVALENIT VOL™
L

100

é _ L T
MET 1050 BTU/HR

T =4 HRS/EVA MISSION
=720 HRS

VEHICLE EQUIV VOL RATING = 0.30
(CRITERIA RATING)

50 TTOTAL_

C

CRITERIA RATING

" Concept ‘
—— Number Concept Title

—

* Lithium Hydroxide (LiQH)
Cooled Lithium Hydroxide
Lithium Peroxide (
Magnesium Oxide - \/ghlcle Regenerable
Zinc Oxide - Vehicle Regenerable
Magnesium Oxide - AEPS Regenerable
Zinc Oxide - AEPS Regenerable
Solid Amine - AEPS Regenerable
Liquid Amine
Solid Electroiyte
CO4 Removal & Reduction/O, Generation
CO5 Removal & Storage/O- Generation
CO, Removal & Reduction O, Supply
CO, Removal & Storage/O Supply
C02 Reduction/0, Genera%ton (Wick Feed)
CO, Reductlon/Oz Generation (Solid Polymer)

| J | ; |
20000 40000
VEHICLE EQUIVALENT VOL (N 3)

5&.—

) ot d ood ok =
DU PRWN=OQELONDT L WN —




Tele, SECONDARY EVALUATION ~—
1 SPACE STATION |
AEPS EQUIVALENT WT '
] QMET = 1050 BTU/HR |
T =4"HRS
50 4 ]'
7 —_—
} AEPS EQUIV WT RATING =0,15
|
6 CRITERIA RATING)
|
|
|
|
{
&
U] !
E |
|
= |
14
L. |
E 'O I |
n
Ly | Concept
5 | Number Concept Title
B Lithium Hydroxide {LiOH)
Cooled Lithium Hydroxide
5t Lithium Peroxide (Li50,)

CZO2 CONTROL/O2 SUPPLY

ot med b el o o)
QUNEALWUNASOORNOITTHWN =

Magnesium Oxide - Vehicie Regenerable
Zinc Oxide - Vehicle Regenerable
Magnesium Oxide - AEPS Regenerable

Zinc Oxide - AEPS Regenerable

Solid Amine - AEPS Regenerable

Liquid Amine

Solid Electrolyte

CO, Removal & Reduction/O, Generation
CO, Removal & Storage/0, Generation
CO, Removal & Reduction 05 Supply
CO Removal & Storage/O Supply

002 Reduction/O, Generation (Wick Feed)
Co, Reductaon/02 Generation (Solid Polymer)

——

20 ' 40
AEPS EQUIVALENT WT (LBS)
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CO2 CONTROL/Og SUPPLY
SECONDARY EVALUATION - SPACE STATION AEPS

INTERFACE COMPATIBILITY

Concept A B_ (o Total Rating
1 20 32 4 56 14. 6
4 20 28 20 68 17.7
5) 20 28 20 68 17.7
6 12 44 24 80 20. 8
1 12 44 24 80 20.8
8 16 52 28 96 25.0
Notes:

A = Other AEPS Subsystem Interfaces (20 points)
B = Crew Interfaces (50 points)

C = Vehicle Interfaces (30 points)
. “ P - total L.
Intertface Compatibility Rating = -i-0—6- (25) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
roceive the full 20 puints.
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CO2 CONTROL/Op» SUPPLY
SECONDARY EVALUATION - SPACE STATION AEPS

MAINTAINABILITY
Concept A B C Total Rating
1 40 20 40 100 20.0
4 40 20 40 100 20.0
5] 40 20 40 100 20.0
6 30 15 35 80 16.0
7 30 Lh 30 80 16.0
8 35 15 40 90 18.0

Notes:

A - Complexity ol Maintenance (40 points)
Average Downtlime (20 points)
C I'requency of Downtimes (40 points)

jos]

Y
Maintainability Rating total (20) (Normalizing Factor)
100

*  Normalizing factor upgrades all ratings to permit concept
with highest rating to receive the full 20 points,



CO2 CONTROL/O2 SUPPLY
SECONDARY EVALUATION - SPACE STATION AEPS

COST
Concept A B Total Rating
1 0 70 70 10.0
4 20 40 60 8.6
5 20 40 60 8.6
6 20 30 30 7.2
7 20 30 50 7.2
8 30 40 70 10.0

Notes:
A = Recurring Cost
B = Nonrecurring Cost

total
100

Cost Rating = (10) (Normalizing Factor)*

*Normalizing factor upgr:cles all ratings to permit concept with highest rating to
receive the full 10 points,
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CO2 CONTROL/02 SUPPLY
SECONDARY EVALUATION - SPACE STATION AEPS

SUMMARY

Criteria

Vehicle AEPS Interface
Concept Volume  Weight Compatibility Maintainability Cost
1 3.0 14,5 14.6 20.0 10.0
4 11,7 8.1 17.7 20,0 H.6
5 12,0 8.5 17.7 20,0 8.6
6 28.8 5.2 20.8 16.0 7.2
7 29.4 6.2 20.8 16. 0 7.2
8 28.8 2.6 25.0 18.0 10,0

5-89/5-90

Total

62.1
66.1
66. 8
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84.4






LUNAR BASE
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100

CRITERIA RATING

50

Co ('JONTROL/Oz SUPPLY

2

5-
QMET

TOTAL

SECONDARY EVALUATION
I LUNAR BASE AEPS
VEHICLE EQUIVALENT VOL .|

= 1050 BTU/HR

T = 8 HRS/EVA MISSION
T = 1440 HRS

ramy

| |
| |

{CRITERIA RATING)

VEHICLLE EQUIV VOL RATING = 0,30

Concept
Number

Concept Title

and mad o el b b —F
DUPRWNCSOORXRNOICTAWN =

Lithium Hydroxide (LiOH)
Cooled Lithium Hydroxide

Lithium Peroxide (Li,05)
Magnesium QOxide - Vzehicle Regenerable

Zinc Oxide - Vehicle Regenerable -
Magnesium Oxide - AEPS Regenerable
Zinc Oxide - AEPS Regenerable

Solid Amine - AEPS Regenerable

Liquid Amine

Solid Electrolyte

CO, Removal & Reduction/O, Generation
CO, Ramovai & Storage/O- Generation

CO, Ramoval & Reduction/O, Supply
CO, Removal & Storage/O, Supply

.CO5 Reduction/Oz Generafion (Wick Feed)

CO, Reduction/Q, Generation (Solid Polymer)

A I N

20000 60000

VEHICLE EQUIVALENT VoL (IN3)
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0O -
LUNAR BASE AEPS
AEPS EQUIVALENT WT
QMET = 1050 BTU/HR
: T =8 HRS
AEPS EQUIV WT RATING = 0,20 ——
(CRITERIA RATING)
y]
Z
[_.
<«
x
g
o
L
E
1 d
o O
| Concept
Number Congapt Title
- 1 Lithhum Hydroxide {(LiOH)
2 Cooled Lithium Hydroxide
3 Lithium Peroxide {
S 4 Magnesium Oxide - Vzhucie Regenerable
5 Zinc Oxide - Vehicle Regenerable
» 6 Magnesium Oxide - AEPS Regenerable
7 Zinc Oxide - AEPS Regenerable
8 Solid Amine - AEPS Regenerable
— 9 Liquid Amine
10 Solid Electrolyte
11 CO, Removal & Reduction/0, Generation
12 CO Removal & Storage/O, Generation
— 13 CO Removal & Reduction 0 Supply \
14 CO Removal & Storage/O Supply :
15 C02 Reduction/Q, Genera%lon (Wick Feed)
16 €O, Heductnon/Oz Generation (Solid Polymer)

CO2 CONTROL/O2 SUPPLY
- SECONDARY EVALUATION

|

P
R ma—

a0 80 ' 120

AEPS EQUIVALENT WT (LBS)
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COgz CONTROL/O92 SUPPLY
SECONDARY EVALUATION - LUNAR BASE AEDPS

INTERFACE COMPATIBILITY

Concept A B C Total Rating
1 20 40 5 65 13.7

4 20 35 15 70 14.7

5 20 35 15 70 4.7

6 10 45 25 80 16.9

10 45 25 80 16.9

15 ol 30 95 20.0

Notes:

A = Other AEPS Subsystem Interfaces (20 points)
B = Crew Interfaces (50 points)
C = Vehicle Interfaces (30 points)

total

- "
100 (20) (Normalizing Factor)

Interface Compatibility Rating =

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 20 points.
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COs CONTROL,O9 SUPPLY
SECONDARY EVALUATION - LUNAR BASE AEDPS

MAINTAINABILITY
Concepl A n C Total Rating
! 440 20 40 100 20.0
4 40 20 40 100 20,0
5 40 20 40 100 20,0
6 30 15 30 80 16.0
7 30 15 35 80 16,0
b} 1) 15 10 90 18,0
Notes:
A Complexity of Maintemince (40 points)
B - Average Downtime (20 points)
C I'requency of Downtimes (40 points)
Maintaintability Rating = total 20y (Normalizing Fnctor)*
100

* Normalizing factor upgrades all ratings to permit concept

with highest rating to receive the full 20 points.
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COg CONTROL/Os SUPPLY
SECONDARY EVALUATION - LUNAR BASE AEPS

COST
Concept A B Total Rating
1 0 70 70 10.0
4 20 40 G0 8.6
5 20 44 60 8.6
G 240 30 50 7.2
7 20 30 Ho 7.2
] 30 40 70 10,0
A = Recurring Cost
B = Nonrccurring Cost
. total .
Cost Rating = oo (10) (Normalizing Factor)*

*Normalizing {actor upgrades all ratings to permit concept with highest rating to
reccive the full 10 points.



COz CONTROL/Oy SUPPLY
SECONDARY EVALUATION - LUNAR BASE AEPS

SUMMARY
Criteria
Vehicle  AEPS Interface

Concept Volume  Weight Compatibility Maintainability Cost Total
1 3.0 19.4 13.7 20.0 10.0 66.1
4 7.7 11.2 14.7 20.0 8.6 72.2
5 18.6 il.4 14,7 20.0 8.6 73.3
6 27.9 12,0 16.9 16.0 7.2 80.0
7 29.1 13.8 16.9 16.0 7.2 82.9
8 28,2 9.8 20.0 18.0 10.0 86. 0
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100

50!

CRITERIA RATING

O

COZ (."C)NTROL/O2 SUPPLY

— SECONDARY EVALUATION —
MARS AEPS T
VEHICLE EQUIVALENT VOL ™ |
=10
5 Qg = 1050 BTU/HR __
4’ T = 8 HRS/EVA MISSION ,
| ,
= —
TTOTAL 1440 HRS ;
s + *
VEHICLE EQUIV VOL RATING = 0,30 '
I— (CRITERIA RATING) } ;
| i |
| |
| | | :
I | | |
| | |
| | | | |
‘ | !
| | ! |
| | ! !
| | | | !
‘ ‘ 1 * !
T ST ’%" - { i e
Concept
[ Number Concept Title 3 |
— ! 1
1 Lithium Hydroxide (LtOH) ‘
— 2 Cooled Lithium Hydroxide |
3 Lithium Peroxide {Li 02)
B 4 Magnesium Oxide - V%hicle Regenerable )
5 Zinc Oxide - Vehicle Regenerable
- 6 Magnesium Oxide - AEPS Regenerable !
7 Zinc Oxide - AEPS Regenerable
8 Solid Amine - AEPS Regenerable ;
— 9 Liquid Amire B ;
10 Solid Electrolyte ‘ t
1M CO, Removil & Reduction/Q- Generation ’ g
12 CO- Removal & Storage/O- Generation | ;
| 13 C02 Hemoval & Reduction 02 Supply | ‘
14 CO% Removal & Storage/O., Supply | |
15 CO, Reduction/O, Generation (Wick Feed) ; |
16 CO5 Reduction/O, Generation (Solid Polymer) !
I -

20000

60000 ' 100000

3
VEHICLE EQUIVALENT VOL (IN 7)
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CRITERIA RATING

COZ CONTRDL_/O2 SUPPLY

100 SECONDARY EVALUATION . __
1 MARS AEPS N
AEPS EQUIVALENT WT = ———
) QMET = 1050 BTU/HR 7
T =8 HRS

4 | |

AEPS EQUIV WT RATING = 0,20
(CRITERIA RATING)
l

lIOF—— — S e —
|
Concept
—  Number Concept Title

Lithium Hydroxide (LiOH)

Cooled Lithium Hydroxide

Lithium Peroxide (Li;O9)

Magnesium Oxide - ehucle Regenerable
Zinc Oxide - Vehicle Regenerable
Magnesium Oxide - AEPS Regenerable
Zinc Oxide - AEPS Regenerable

Solid Amine - AEPS Regenerable

Liquid Amine

10 Solid Electrolyte

11 C02 Removal & Reduction/O, Generation
.. 12 CO, Removal & Storage/O, Generation
13 CO, Removal & Reduction/O4 Supply

14 CO5 Removal & Storage/Q» Supply

15 CO, Reduction/QO5 Generation (Wick Feed)

16 €O, Reductuon/Oz Generation {Solid Polymer)

L] ]

40 80 120
AEPS EQUIVALENT WT(LBS)

L
QRN RWN =
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CO2 CONTROL/Og SUPPLY
SECONDARY EVALUATION - MARS AEPS

INTERFACE COMPATIBILITY

Concept A B_ ' C Tatal Rating
1 20 40 5 65 13.7
4 20 35 15 70 14.7
5 20 35 15 70 14.7
Notes:

A = Other AEPS Subsystem Interfaces (20 points)
B = Crew Interfaces (50 points)
C = Vehicle Interfaces (30 points)

Interface Compatibility Rating = ttl)g%l (20) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 20 points.
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COQ2 CONTROL/Og SUPPLY
SECONDARY EVALUATION - MARS AEPS

MAINTAINABILITY
Concept A B C Total Rating
1 40 20 40 100 20.0
4 40 20 40 100 20.0
5 40 20 40 100 20.0

Notes:
A = Complexity of Maintenance (40 points)
B = Average Downtime (20 points)
C = Frequency of Downtimes (40 points)
Maintaintability Rating - _ total (20) (Normalizing Factor)"
100

*  Normalizing factor upgrades all ratings to permit concept
with highest rating to receive the full 20 points.
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CO2 CONTROL/O2 SUPPLY
SECONDARY EVALUATION - MARS AEPS

COST
Concept A B Total Rating
1 0 70 70 10.0
4 20 40 60 8.6
5 20 40 60 8.6

Notes:

A = Recurring Cost
B = Nonrecurring Cost

total
100

Cost Rating = (10) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 10 points.
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CO2 CONTROL/02 SUPPLY
SECONDARY EVALUATION - MARS AEPS

SUMMARY

Criteria

Vehicle AEPS Interface
Concept Volume  Weight  Compatibility  Maintainability Cost Total
1 3.0 19. 4 13.7 20.0 10,0 66. 1
4 17.7 i1.2 L. 7 20,0 8.0 72.2
5 18.6 11.4 14.7 20.0 5.6 73.3
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5.2 Phase Two Effort

5.2.1 Shuttle AEPS

5.2.1.1 Primary Evaluation

All shuttle AEPS candidate subsystem concepts that passed the go/no go evaluation
were subjected to a primary evaluation as described in section 5.1,1, The criteria
weighting factors were the same as those specified for Space Station in table 5-1.

The primary criteria whose ratings were determined quantitatively are vehicle
equivalent weight and AEPS equivalent volume. The competitive ratings for both
these criteria were determined by establishing a straight-line relationship between
the criteria rating and vehicle equivalent weight or AEPS equivalent volume, as the
case may be, on a semi-log scale. The relationships were established for both
thermal control and COg control/0O2 supply concepts, on a mission basis, by select-
ing criteria values that corresponded with a 100 point criteria rating and a 10 point
criteria rating in accordance with table 5-7,

TABLE 5-7
SUBSYSTEM PRIMARY CRITERION VALUE
Thermal Control Vehicle Equivalent Weight
100 points 50 lbs.
10 points 216 1bs,
AEPS Equivalent Volume
100 points 0
10 points 2500 in3
CO2 C.ontrol/o2 Supply Vehicle Equivalent Weight
100 points ‘ 50 1bs.
10 points 216 1bs,
AEPS Equivalent Volume
100 points 0
10 points 2500 in3

The criteria ratings for the candidate subsystem concepts were then simply deter-
mined by selecting the rating corresponding fo the concept's vehicle equivalent
weight or AEPS equivalent volume as defined by the parametric analysis presented
in section 4.0, A semi-log scale was utilized to provide added benefit to those con-
cepts that exhibited low vehicle weights and AEPS equivalent volumes and to penalize
those concepts with high vehicle equivalent weights and AEPS equivalent volumes.



5.2.1.1.1 Thermal Control - Table 5-8 is an index of the seven (7) candidate thermal
control concepts that passed the go/no go evaluation and were carried into the pri-
mary evaluation.

TABLE 5-8

THERMAL CONTROL CONCEPT INDEX

CONCEPT NUMBER CONCEPT TITLE

Water Boiler

Water Sublimator

Thermal Storage - PH4C)

Thermal Storage - ICE
Expendable/Radiation - Heat Pump
Expendable/Thermal Storage - PH .Cl
Vehicle Umbilical

=3 S U e W=

The following two (2) concepts passed the primary evaluation and were carried into
the sccondary evaluation:

a. Water Boiler
b. Water Sublimator

Implementation of the primary evaluation criteria and the resultant candidate therinal
control concept ratings are presented in detail on the following pages.
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CRINERIA RATING

i i

~THERMAL CONTROL —_——
#PRIMARY EVALUATION |
| SHUTTLE AEPS |
T AEPS EQUIVALENT VOL '
1 |
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— —
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PRIMARY EVALUATION - SHUTTLE AEPS

RELIABILITY

Concept Rating

. W N
-t
51

[= I = B -

o o

e

o w
o o & o

]
—
o}

Note:

The reliability cating is a comparative assessment of candidate concepts and is
based upon total number of sybsystem components and the number of subsystem
component failures that could cause mission abort and/or loss of life.
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PRIMARY EVALUATION - SHUTTLE AEPS

COnCeOL A __E_
R 15 L
Z 5 4
3 i4 b
4 i3 3.5
> 3 4
o ib 4
7 i5 5

Notes:

Don/doff {15 points)
Startup (5 points)
Choeckout (15 points)

wi S Rve BiCe

Shutdown {5 points)

¢y = =

total
100

Operability Rating =

14
13
10
12

iz

Zaress/ingress (10 points)

(15) (Normalizing Factor)*

OPERABILITY
D EF G
10 5 25 25
10 4 25 25
2 5 25 20
2 3 7 15
2 5 25 20
10 5 25 20
0 5 25 ¢]

Recharge/regeneration (25 points)
Operational variations during EVA (25 points)

Total

98
97
84
53.5
73
91
65

* Normailzing factor upgrades all ratings to permit concept with highest rating to

receive the full 15 points,
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PRIMARY EVALUATION - SHUTTLE AEPS

FLEXIBILITY

Concept A B C |Total  Rating

1 50 25 0 75 7.5
2 50 16 © 66 6.6
3 40 25 25 90 9.0
4 30 25 o 55 5.5
5 45 20 20 85 8.5
6 50 25 25 100 10,0
7 10 4 0 14 1.4

Notes:

A = EVA mission flexibility (50 points)

B = Applicability to different space programs (25 points)

C = Ability to incorporate new technology (25 points)

i1 . total ..
Flexibility Rating = J00 {(10) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with
highest rating to receive the full 10 points.



PRIMARY EVALUATION ~ SHUTTLE AEPS

SUMMARY

Criteria
Concept AEPS Vol, Vehicle Wt, Reliability Operability Flexibility Total

1 22,0 26,0 13.6 15.0 7.5 84.1
2 21.0 24,0 15.0 14,9 6.6 81.5
3 4.4 36,0 11.0 12,9 9.0 67.3
4 3.5 10.8 6.8 8.2 5.5 34.8
5 12.0 20,0 13.4 11.2 8.5 65,1
6 4.9 20.0 10.0 13.9 10.0 58.8
7 30.0 8.8 15,0 2.9 1.4 65,1
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5.2.1.1.2 COg2 Control /02 Supply - Table 5-9 is an index of the eleven (11) candidate
CO2 control/O2 supply subsystem concepts that passed the go/no go evaaton and
were carried into the primary evaluation.

TABLE 5-9

CO2 CONTROL/O2 SUPPLY CONCEPT INDEX

Concept Number Concept Title

LiOH

Li2O9

ZnO-AEPS regenerable
ZnO-Vehicle regene.able
MgO-AEPS regenerable
MgO-Vehicle regenerable
Mg(OH),~Vehicle regenerable
Solid Amine-AEPS regenerable
Solid Amine-Vehicle regenerable
Vehicle Umbilical - Purge flow
Vehicle Umbilical - Demand flow

(= -« ~T I — - L B VL B o

-

7he following six (6) concepts passed the primary evaluation and were carried into the
secondary evaluation:

LiOH

ZnO-AEPS regenerable
ZnO-Vehicle regenerable
MgO-AF PS regenerable

. MgO-Vehicle regeneragle

. Solid Amine-AEPS regenerable

.
-
.
.

a
b
C
d
[
f

Impliementation of the primary evaluation criteria and the resultant candidate CO2
control/O2 supply subsystem concept ratings are presented in detail on the following

pagoes.
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CRITERIA RATING
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PRIMARY EVATUATON - SHUTTLE ASPS

Ly e YT oTeS
Ve acnadadal i

Concept Rating

15.0

2 12,0

3 7.2

4 10.7

5 T.2

6 10.7

7 10,7

) 9.5

9 9.7

10 5.0

i1 15.0

Nute:

Vac resiabann cawcag 9 o comparative assessmenc of candidate concepts and 15 basec

Gpon L Ootai maimoer of subsystem components and the number of subsysiem component
faiieso s ek oLl cause mission abort and/or loss of life.



PRIMARY EVALUATION - SHUTTLE AEPS

OPERABILITY
Concept A B € D E F G Total Rating
i 15 5 15 10 5 10 25 85 13.0
2 15 2 10 10 3 S5 20 65 10.0
3 15 5 10 10 5 20 25 90 13.8
4 is 5 13 10 53 10 25 83 12.7
5 15 5 10 10 5] 20 25 Y0 13.8
6 15 5 13 10 5 10 25 83 12,7
7 15 5 13 10 5 5 25 78 11,9
8 15 5 i3 10 5 25 25 93 i5.0
9 15 5 i3 10 5 i5 25 88 13.5
i0 10 5 15 0 5 25 25 85 13,0
il 10 5 15 0 5 25 25 85 13.0
Notes:
A = Don/doff (15 points)
B = Startup (5 points)
¢+ Checkout (15 points)
1. - Egress/ingress (10 points)
£ = Shutdown (5 points)
¥ = Recharge/regeneration (25 points)
G Operational variations during EVA (25 points)
N . ~ total ..
Operavaity wating - oo (15) (Normalizing Factor)*

* Normalizing factor upgrades all ratings to permit concept with highest rating to
Ievou Ve bhe fu:’i 15 polnts.



PRIMALRY EVALUATION - SHUTTLE AEPS

FLEXIBILITY

Coucept A B C Total fating
1 56 25 0 75 .9
2 50 25 15 G0 5.0
3 30 17 25 92 9.2
4 50 25 35 106 0.0
5] 59 17T %5 vz 9.2
6 SuoZi 25 160 PR/
7 50 25 25 106 iG. 0
8 30 17 25 o2 9.2
9 3B 25 25 100 16,0
10 20 0 0 20 2.0
11 20 G 0 20 2.0
A - ZVa anssion flexibility (50 points)
S A nco oty o different space programs (25 points)
Z Anility to incorporate new technology (25 points)
) total S
S aaiV o aading = 100 (10) (Normaiizing Factor)*
* ONGCHZing tneoor upgrades ali ratings to permit concept with highest rat.nyg to

Teeeive The fuas 10 polinte .

<1
1
—
L3
e



1Y EVALUATION - SHUTTLE AEPS

iy

PRIMA:

SUMMARY

Criteria
Reliability Operability

i ota

~
F

Flexibility

-Vericle Wt,

AEPS Vol,

Concept

[
fand

3,0

15.0

8.5

9

3.
23,2

25

L=

D

9.0

16,0

12,0

12,35

[

7.2 13.8

10,7

29.0

o
G

36,9

10.0

12,7

27.3

e |

o~

76.3

3.2
10,0

13.8
i

7.2
10.7

28.0

84.9

12.7

26.0

10.7 11.9 10.0 69.3

5.9
30.0

26.8

7
4

78.2

9.2

15.0

9.5
10.7

14,5

i

13.5

19.8

17.1

13.0 2,0

13

15.0

0
il

.0

15.0

1.6
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5.0 L.r Sorconsary Evalucdion

N

U shes.& ASPS candidate subsystem concepts that passed the primary evaiuation
wore suijecied 1o o secondary evaluation as described in section 5.1.2, Tue eviteria
weighiing caciors were the same as those specified for Space Station .n tanle 2-5,

e velntionships Dolween eriteria rating éand criteria vaiue were estillis ol o0 SOl
(ermas coatro: and COg control/Oy supply concepts by selecting criciic vaiues fha.
gaa w.ih o 100 point criteria rating and a 10 point criteria rating in accordance

. -
with anie 5-10.

TABLE 5-10

tid

SUBSYSTEM SECONDARY CRITERION VALLE

Therma: Control Vehicle Equivalent Volume
100 Points
10 Pointis
AEPS Equivaient Weight
100 Points O
10 Points J 0 Los.

(‘,()2 Control/09 . Vehicle Equivalent Volume
- 100 Points
10 Points
AEPS Equivalent Weight
100 Points
10 Points

2000 in

Supply 9800 in

LS T s}

Liod,

S AT i -‘M:Arm o

Mae eratersa ratings for the canaidate subsystem concepts were then simply determin-
ooy selecting the rating corresponding to the concept's vehicie equivaleni voiume or
AN

A cquivaiont weight as defined by the parameiric analysis presentec in seeiv.om 4.0,

Seol .20 WChermat Controi - Two (2) thermal control concepls passed the pilyisry
~visuation and were carried into the sccondary evaiuation:

ve. Watec B30lier
o, Waier Sublimator

OOl i Giese coneepts passed the SuConGary evaiuation.

capanrecncation of the secondary evaluniio, oriterin and the resultani tneriia, COnow.
concept fatings are presented in detall on wne (0iiowing pages.
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SECONDARY EVALUATION ~ SHUTTLE AEPS

INTERFACE COMPATIBILITY

Concept A B C Total Rating
i 20 52 20 92 25,0
2 20 52 20 92 25.0
Noies:

A = Other AETS Subsystem Interfaces (20 points)

= Crew Interfaces (52 points)
C = Veuicle Interfaces (28 points)

wo1e wace Compatibility Rating = % {25) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the fuli 25 points.



SECONDARY VALUATION - SEUTTLE AXPS

MAINTAINABILITY
RSN e e A B3 C Total Reling
- 40 20 49 100 20.0
- <G 29 40 100 20.0

Nows:

= Do sexity of Maintenance {40 points)
o= Aoverage Sowntime (20 points)
O o= sreduence of Downtimes (40 points)

, total
Mainwainabilizy Rating = -«—Oi-GO— (20) (Normalizing Factor)*

Normiaazing acior upgrades all ratings to permit concept with highest rating to
coceive che {full 20 points,

- 2o



SECONDARY EVALUATION - SHUTTLE AEPS

cost

Concept A B Total Rating
1 30 70 100 10.0
2 30 70 100 10.0

Notes:

A = Recurring Cost
B = Nonrecurring Cost

total
100

Cast Rating = (10) (Normalizing Factor)*

*Normalizing factor upgrades all ratings vo permit concept with highest rating to
receive the full 10 points.



SECONDARY EVALUATION - SHUTTLE AEPS

SUMMARY
Criteria
Conecep: AEPS Wt Vehicle Vol Interface Compatibility Maintain Cosi Lol
i 15 30 25 20 20 100
2 12 30 25 20 10 57
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5.2.1.2.2 GOy Control /Ug Supply - Six (6) CO2 control/Og supply concepts passed
Wwe Lrimary evaiualion and were carried into the secondary evaluation:

a. 1aOH

b, ZnG - AEPS Regenerable

. ZaQ - Vehicle Regenerable

. MgO - AEPS Regenerable

¢, Mg0O -~ Vehicle Regenerable

i. Solid Amine - SZPS Regenerable

Ai. 08 wlese concepts passed the secondary evaluation,

anpilemcatation oi the secondary evaluation criteria and the resultant thermal
conuiol concet ratings are presented in detail on the following pages.
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SECONDARY EVALUATION - SHUTTLE AEPS

INTERFACE COMPATIBILITY

Concept A B < Total Rating

1 20 32 4 56 14.6
3 12 44 24 80 20.8
4 20 28 20 68 17.17
5 12 44 24 80 20.8
6 20 28 20 68 17.7
8 16 52 28 96 25.0

Notes:

A = Other AEPS Subsystem Interfaces (20 points)

B = Crew Interfaces (50 points)

C = Vehicle Interfaces (30 points)

Interface Compatibility Rating = -Ef—g-g-l— (25) (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 20 points.
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SECONDARY EVALUATION - SHUTTLE AEPS

MAINTAINABILITY

Concept A B C Total Rating

1 40 20 40 100 20
3 30 15 35 80 16
4 40 20 40 100 20
5 30 15 35 80 16
6 40 20 40 100 20
8 35 15 40 90 18

Notes:

A = Complexity of Muaintenance (40 points)

B = Average Downtime (20 points)

C = Frequency of Downtimes (40 points)

i . . total .
Maintainability Rating = oo {20) (Normalizing Factor)*

*Normalizing faetor upgrades all ratings to permit concept with highest rating to
receive the full 20 points.
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SECONDARY EVALUATION - SHUTTLE AEPS

COST
Concept A B Total Rating
1 0 70 70 10
3 20 30 50 7.2
4 20 40 60 8.6
5 20 30 50 7.2
6 20 40 60 8.6
8 30 40 70 10
Notes:
A = Recurring Cost
B = Nonrecurring Cost
t
Cost Rating = l—g%ﬂ- {10} (Normalizing Factor)*

*Normalizing factor upgrades all ratings to permit concept with highest rating to
receive the full 10 points.
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SECONDARY EVALUATION - SHUTTLE AEPS

SUMMARY
Criieria
Conves. AEPSWeo Vehicie Vol Interiace Compaiinilhily Maintgin  Cos.  ‘Uotal
i FTRY 17,0 i4.6 20 10.0 76,9
7.9 36.0 20,8 1 7.5 B81.9
, 16.0 0 7.7 20 8.6 56.3
3 6.7 27.3 20.8 16 7.2 78,0
0 0.0 0 7.7 20 B.8 56.5
5 7.0 36.0 25.0 i8 0.6 90.6



5.2.2 Emer.encv Systems

Se-.20% Jaeriaal Centrol - All candidaie emergency syster thermal coon st e
coacepts that sassed the go/no go evaluziion were subjected to the compa raivy 2 evalu-
Guon. Fuach candidate conecept receivec a rating of from O to 100 for eac. cumpuralive
riterion, Each rating was then multiplied by the weighting facfors delined in vabic
-1% and ne ratings added to obtain a iotal rating for each candidate concept.

5
TABLE 5-11

COMPARATIVE CRITEZRIA WELGHTING FACTORS

Weighting Factors v

Criteria Snuttie  ;  Space Station | Lunar Buse Mars.

% , L nats,

AEPS iguivaien. 0.7 0.7 0.65 6.8
‘Volume E |
g i

AEPS Equivaient 0.3 0.3 ; 0.35 U.4
- Weight i B

The compeiitive ratings for the comparative criteria were delermined by esiaodishing
4 straignt line reiationship between the criteria rating and AEPS equivaient voiame or
weight as the case may be, on a semi-log scale. The reiationships werc wsiebiished
by selecting criteria values that corresponded with a 100 point criteria raring and .
10 point criceria rating in accordance with table 5-12,

TABLE 5-12

y‘f . "
Mission !
Suitsysicrii Criterion ! Shuttle ; Space SLaLm;;J—Lunar Base  Mars

3

n‘y.]\ RS SN [\.E.E)S l';quivalenl !

!
Volume » : |
100 po.ais 0 f 0 * G \
10 soanes . 1650 ind. 1650 1 ; BUbL L AV
—_ e
AEPS rgu.vuient
Weight :
100 ponis 0 O ¢ 3
10 poan & o 30 lbs 30 s 50 e VRN




5. 2.2 (-ontiaued)

Vuole 3-18 is the index of the eight (8) candidate thermal control concents that passed
ine Zo/no go evaluation and were carried into the comparative evaluation.

TABLE 5-13

THERMAL CONTROL CONCEPT INDEX

Concepi Number Concept Titie

Water Boiler
Water Sublimator
Buddy System

PO

4 Thermat Storage - PH4Cl

5 Thermal Storage - Subcooled ice

= Expendable/Thermal Storage - PiigCl
7 Expendable/Radiation - Heat Pump

8 Thermal Storage - Eutectic Salt

NOTE: * Redundant Primary System

implementation of the comparative evaluation criteria and the resultant candidate
emergency system thermal control subsystem concept ratings are presented on the
‘oilowing pages,






SHUTTLE/SPACE STATION
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CRITERIA RATING
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COMPARATIVE EVALUATION - SHUTTLE/SPACE STATION

AEPS EMERGENCY SYSTEM

SUMMARY
Criteria
Concept AEPS Equivalent Volume AEPS Equivalent Wt Total
1 70,0 30.0 100.0
2 60.5 23.1 83.6
3 35.0 18.1 53.1
4 10.0 5.0 15.0
5 10.9 10.4 21.3
6 N/A N/A N/A
7 N/A N/A N/A
8 7.3 1.0 8.3
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COMPARATIVE EVALUATION - LUNAR BASE

AEPS EMERGENCY SYSTEM

SUMMARY
Concept AEPS Equivalent Volume AEPS Equivalent Wt Total
1 53.5 27.7 79.2
2 51.5 21.8 73,3
3 34.2 19.5 53.7
4 15.7 3.9 19.6
5 13.7 3.7 17.4
6 65.0 35.0 100.0
7 53.5 35.0 88.5
8 0 0.4 0.4
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COMPARATIVE EVALUATION - MARS AEPS

EMERGENCY SYSTEM

SUMMARY
Criteria
Concept AEPS Equivalent Volume AEPS Equivalent Wt Total
1 53.5 39.0 92.5
3 33.4 24,4 57.8
4 13,0 8,8 21,8
5 13.0 11.2 24,2
6 60,0 40.0 100, 0
7 42,0 40.0 82.0
8 8.3 4.0 12.3
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5.2.2.2 CO9 Control/Og Supply - Due to the overall system implications of some of
the candidate CO2 control/O2 supply concepts (specifically the open loop and semi-
open loop concepts), this evaluation was conduected on the system level.
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6.0. RESULTS AND RECOMMENDATIONS

This section contains a summary of the thermal control and CO, control /Og
supply subsystem evaluation results, recommendations for the thermal control
and COs control /02 supply concepts to be carried into the system studies, and
the updated parametric analyses of the recommended subsystem concepts.

6.1. Phase One Effort

6.1.1. Evaluations Results

6.1.1.1. Thermal Control - The thermal control subsystem evaluations resulted in the
selection of thermal control concepts from the following basgic categories:

a. Expendable

b. Radiation

¢, Thermal storage

d. Combinations of the above.

Specifically, of the original 55 thermal control concepts identified at the onset
of the AEPS study, the following 6 concepts successfully passed the go/no go,
primary and secondary evaluations:

Water Boiler

Water Sublimator

Thermal Storage - PH4Cl
Expendable/Direct Radiative Cooling
¢. Expendable/Radiation

f. Expendable/Thermal Storage - PH4Cl

PO TR

However the Thermal Storage - PH4C1 and Expendable/Thermal Storage - PH4C1
concepts passed the go/no go evaluation with a marginal acceptance in the areas of
safety and crew acceptability, Both concepts were reevaluated in these areas
during the system studies.

6.1, 1.2, COg Control ~ 'he CO2 Control/O2 supply subsystem evaluations resulted in
the selection of COg control concepts from one basic category - solid regenerable

COg sorbents - all combined with a high pressure gaseous oxygen supply. Speci-
fically, of the original 45 combined CO, control/Og supply concepts identified at the
onset of the AEPS study, the following 5 concepts successfully passed the go/no go,
primary and secondary evaluations:

a. Magnesium Oxide-Vehicle Regenerable /High Pressure Gaseous
Q9 Supply



6.1, 1.2, (continued)

b. Zinc Oxide - Vehicle Regenerable /High Pressure Gaseous Og
Supply
c. Magnesium Oxide - AEPS Regenerable /High Pressure (iaseous O
Supply
d. Zinc Oxide - AEPS Regenerable/High Pressure Gaseous O2 Supply
e, Solid Amine - AEPS Regenerable/High Pressure Gaseous O2 Supply.

6.1.2, Recommendations

6.1.2.1, Thermal Control - The following 5 thermal control subsystem concepts were
recommended to be carried into the system studies:

a. Water Boiler )

b, Thermal Storage - PH,CI

c. Expendable/Direct Radiative Cooling
d.  Expendable/Radiation

e, Expendable /Thermal Storage - PH4Cl.

To simplify the AEPS system studies effort, and because the presence of an
atmosphere on Mars does not permit operation of a water sublimator there,

the water boiler was the only expendable water concept recommended to be carried
into the system studies. Both the water boiler and water sublimator were rated
nearly equal throughout the subsystiem evaluations and although both concepts have
heen flight—qualified and flown on a number of space missions, both would require
additional design and development to meet the longer life requirements of the
space programs being discussed for the 1980's, This deletion of the water sub-
limator concept is not to be misconstrued as the total elimination of this concept
from further consideration during the remainder of the study or from any research
and development program which might result from the new technology recommendations
gencrated at the conclusion of this study.

6.1.2,2, CO2 Control/02 Supply - The following CO2 control/O2 supply concepts were
recommended to be carried into the system studies:

a. Zinc Oxide - Vehicle Regenerable /High Pressure Gaseous O2 Supply
b. Zinc Oxide - AEPS Regenerable/High Pressure Gaseous O2 Supply
c. Solid Amine - AEPS Regenerable /High Pressure Gaseous O9 Supply

Zinc oxide has a greater theoretical COy removal capacity per unit volume of sorbent
and is regencrable at a lower temperature than magnesium oxide. Therefore, to simplify
the AEPS system system study effort, the metallic oxide COy control concepts utilizing



6.1.2.2. (continued)

zinc oxide were the only metallic oxide C()2 control concepts recommended to
be carried into the system studies. Magnesium oxide will be retained as a
backup for the zinc oxide,

6.1.3. Recommended Subsystems Parametric Analyses

After completion of the primary and secondary evaluations, the AEPS specifica-
tion requirements for cach of the three missions - Space Station, Lunar Base
and Mars - were reviewed and updated to reflect the latest mission projections.
Based upon these updated specification requirements, the original parametric
analyses of the recommended subsystem concepts were reviewed and updated,
as required. The following parametric data is presented for each of the three
missions for all the recommended thermal control and COy control/02 supply
subsystems:

a. Vehicle equivalent weight versus total mission duration

b. Vehicle equivalent volume versus total mission duration

C. AEPS equivalent volume versus EVA mission duration

d. AEPS equivalent weight versus EVA mission duration

C. Accumulated resupply launch weight versus number of resupplies

(Space Station and Lunar Base only).
The updated parametric analyses are presented in the following figures:

° Thermal control for Space Station AEPS - Figure 6-1

through 6 -5

o Thermal control for Lunar Base AEPS - Figures 6-6
through 6-10

o Thermal control for Mars AEPS - Figures 6-11
through 6 -14

o 0Oy Control /Oy Supply lor Space Station

AEPS - Figures 6-15 through 6-19
o CO» Control /()2 Supply for Lunar Basc AEPS - Figures 6-20 through 6-24
o CO4 Control/Oy Supply for Mars AEPS - Figures 6-25 through 6-28

Note that the accumulated resupply launch weight versus number of resupplies
parametric data indicates that CO2 reduction only trades off when there are three
(3) or more resupplies.

6~4



THERMAL CONTROL

6-5



YEHICLE EQUIYALENT WEIGHT (LBS)

YEHICLE EQUIYALENT YOLUME(IN®)

SPACF STATION AEPS

Q . = 180 - 3240 BTU/HR
4— RANGE . . -
100 :QAVG - 1300 BTU/HR r /_HZU BOILER
[ NUMBER OF AEPS - 3

Bm.»—MlSSK)N FREQUENCY - 3/WK/AEPS |

[ AEDPS POWER PENALTY - 100 WATT-HRS ‘LB .4
| VEHICLE POWER PENALTY 2WATTS/LB ! |
v !
5(}0 T T R T T + i t
—r————— .
T i - 4 !L : + % + H

3
-

\
3
\

: % L [ ar
IR ; T ! 11 ] sl
A S O T == EXPENDABLE /
S S S U 7 R el B R O~ HEAT PUMP
P et TP LT LN STORAGE-
. ooust B [ PHECE
+ : t e Tl
e bt + — } + t
100 R ; i + ‘*—r - i +
TR EEE s RN
I 1 I i 1 S
0 3 0

0 10 20 30 40 50 60 70 80 80
MISSION DURATION (DAYS)

FIGURE 6—1

40000 4— sPACE STATION AEPS N St s et
H : " i }
Qs 180 - 3240 BTU/HR ' R
RANGE ’ I ]
Q. 1300 BTU/HR ; T i T
NUMBER OT AEPS - 3 S J : ‘Hzﬂ BOILER
- et
30000 MISSION FREQUENCY - 3/WK/AEPS R . ‘
- — T
’ E AEPS POWER PENALTY 8.3 WATT-HRS/IN® | . . = A_L 4
R i i |
L—--—1——-— g et = - g . —
E '[...Aiw.fv",ﬂ' SOOI DU S AP FENU S
" | H ! . '
S N W ‘L TR (RGN S SRR UUPUR O ‘74_{_4# —
v [ : ; | ! P
P S N, . o —— - ‘ |
20,000 e A s S S B |

e T e
i o

. o . e e 4
- [0 < SN TUERMAL
1 I ; : [l -

I S >~ R A i 8 B gzmumul
m'mu _F‘,_‘_:Aﬁu__,w-_., ‘--d:---—r;—l—---f-—"‘ ’ — : ~*—‘;"EAT PUMP

B0 4 L = — o -—
i T D
&m 4 O — | [ 1 l ‘ ! ‘ : : l [W‘Is E::-
R s Re R |1 RS
2,000 i et ——
! Uf! . N S D S S O S i '\ | ; [
(] 10 20 k) 40 50 50 70 80 90

MISSION DURATION (DAYS)

FIGURE 6—2



REPS EQUIVALENT YOLUME (INY)

lﬂm:
| ISPACE STATION AEPS
:QRANGE 180 - 3240 BTU/HR T ﬁ
Qava - 1300 BTU/IA T S IAGE
[ TAEPS POWER PENALTY - 8.3 WATT-HRS/IN® 7 '
i T = )
2000 ! = EXPENGARLETHERMAL
0 , < \
{ ’ faasst rch)
) jowe?
3 LY ] ;
| 4 %tl i ;
L Y " T !
— — ‘ :
- b . i
- ;
1,000 ‘ i
= T ! T
i ] : }
| i . L .
‘ ;
+ t - i
- + r - qu
: ; BGILER
i 1
0-+— - \ ;
0 ! 2 3 4
EVA DURATION(HRS)
FIGURE. 6—3
710 4+—sPACE STATION AEPS T T 1L
:QRANGE 180 - 3240 BTU/HR THERI 4§ [ A
—Q . ... 1300 BT U/HR i I >
04—, ovC o
| AEPS POWER PENALTY 100 WATT-HRS/LR »
T H ] TTTTT
“;; 3 1 t 1
H 1 i -
5 50 i | l | I ;
usd N |
= ] : 6t
@ A0 +
= T
= x % ~
d 30+—+ . t -
- + 13
= 1
= ~ gl
2 n
v ;
m T
=0 B x LEE
- |
T
l : _
0 ¥ A
0 i 2 3
EY A DURATION (NRS)
FIGURE 6—4

6=7



ACCUMULATED RESUPPLY LAUNCH WT (LBS)

SPACE STATION

:mﬂ'[]m] RESUPPLY PERIOND 90 DAYS
NUMBER OF AEPS = 3 20 BUII-ER
MISSION FREGUENCY = 3/ WEEK /AEPS
EVA MISSION DURATION - 4 HOURS
Qave; 1300 BTU/HR
200,000
TRERMAL STORAGE -
U
EXPENDABLE /
100,000 THEAT PUMP
- MAL STORAGE-
P Cl
e
0 [T
0 6§ 8 1 12 14 16 18 20 22 24 26 28 30 32 34 36 3§ 40

NO. OF RESUPPLIES

FIGURE 6—5

6-8



LUNAR BASE AEDPS

VEHICLE EQUIVALENT WEIGHT (LBS)

VEHICLE EQUIVALENT VOLUME (IN?)

MO0 4— b o e e e
. . e |
1 BN JEVUE U AU N SRS W N N —
- QuaveE A0 . 3an BTUCHR ' e T —
h——f J000 [;'l'[" ) I{l{ L N = . ..! _._1__ 4 - —
—- v s B e e \ ]I.
12000 4+  NUMBER OF AEDS - 12 I ; TJF‘ —{- ] i EILER
i _1. ; 1 ! + ‘ ;
3 REQUENCY & { o ! 1 = et
MISSION FREQUENCY - 3/ WK/AEDPS I - i ] e
|~ AEPS POWER PENALTY - 100 WATT-HRS /LR & } L et ] —t
10000 — b4 R :
L. VENICLE P(MFR PENALFY = TWATTSAR | &
S — i i
S
F—— —— » + P -
8,000 - ; ;
S . J.‘ 4 4‘ —_ e
‘ . |
T T

hid
=
(=]

-
2

. et S S —
L THERML STORAGE-
e A R SR U 0 s 8 W O ; —
N I 4 B ey b L - s
o4 N T S T A A IT I T‘. e A
20 40 60 8e 130 120 140 160 180
KISSION DURATION (DAYS)
FIGURIE 6—6
im,ﬂﬂﬂ-tI -1 . e T oy
[T e s v 45 lnlnqngkl -d- *,____E
‘ LUNAR BASE AEPS ’ : 4 P Lo
S . [ o, N SIS W P . g i
L. Qpangp (B0 - 3640 BTU/HR . _ j . P i .
- Quyg 1000 BTU'HR — —_— r - -
400,0004~~ NUMBER OF ARPS 12 S B e T"“.L ‘
- MISSION FREQUENCY - 3/WK/AEPS R e e 1A
[ AEPS POWER PENALTY ~ 8.3 WATT-HRS/INT- T o [ R —+ Iﬁ“
. . L SR S I A
3000004 - -———— -+ B T e 1—4—:1—:
h..fuu,.k VU - - U R
,__F,k —— — — — = e ——— e
S P e - - e ol

ENDABLE/
DIATION

=k

100,000 4.
80,000 {- -
60,000 | v
000 L,
w00 B L
04— . , — .
0 20 40 50 80 100 120 140 160 180

MISSION DURATION (DRYS)
FIGURE 6—7

6-9



AEPS EQUIVALENT VOLUME (IN®)

AEPS EQUIVALENT WEIGHT (1BS)

| LUNAK BASE AFPS

THERMAL STORAGE-

3000 T Qpange R0 - 3640 BTU/HR ] j l . - i
9, . 20U BIUHI > ; i
:A EPS POWER PFNALTY 8.3 WATT- HRS/INg i i
| i ’ : - [t EXPENDABLE
E > ol ‘ T; HEAT PUMP
T L b ——+ T
2000 — - 'ENDABLE [
st ——DHRECF-RADIATION
gl Pl Bt ! —— |
[ | P! L i
‘ - i E ; H l L; . } ;e
1000 % . - . —— i
ﬁ A O O - ]
' ; — R e 0 BOILER
; 1 — | j
oot [ :
] 1 2 3 4 9 B 1 3
EVA OURTION (HRS)
FIGURE 6—8
1§04 LUNAR BASE AR PS i - .

I e 180 - 3640 BTU/HR 1 ‘ T4 THERMAL
140 —Q}:::(E 2000 BTU/HR ? i + — P STORAGE—
1304:1‘\?,!’5 POWER PENALTY 100 WATT-HRS/ LB [ %L ! t 1 k . 1| PH4 I:I
1204+ 4+ ‘ | A
110 SN 1 -

100 - T A T TExPENDABLE
| j : 1[;_% ‘ 4 4 ! ‘ ),. i STORAGE -
90 1 L +1 - ) i o - N ‘
80 {—— ‘ e T
R 7 D S -
10+ 1 A LA D L
T A P
apl i . . ‘ e EXPENDABLE/
o - g ; 1. - DIRECT
30 ‘ — gt ; —— — RADIATION
!4 : , [ '
20 0 BOILER
0 === 1 ] A O A O A
0 1 2 3 4 5 6 7 8

EVA DURATION (HRS)

FIGURE 6—9

6-10



LUNAR BASE

ACCUMULATED RESUPPLY LAUNCH WT(LBS)

500,000 RESUPPLY PERIOD 180 DAYS
NUMBER 07 AEPS - 12 * K,0 BOILER
MISSION FREQUENCY = 37WEEK: AE S
500,000 FEVA MISSION DURATION = & HOURS '
QAVEG * 2000 BTU, [§R ;‘ -
5 ! [ "
00000 SO euT w4
EU/DIRECT RADIATION
300,000
!
? =S [STIRAGE
200,000 +.¢:
r.—
R -
- -
100,000
]
= i E-
o 3 { [ 1 ] ] |

0 2 4 G 8 10 12 4 16 18 20 22 24 25 25 30 32 34 36 38 40
NO. OF RESUPPLIES

FIGURE 6—10

6-11



VEHICLE EQUIVALENT VOLUMECIN®)

VEHICLE EQUIVALENT WEIGHT (LBS)

b : - |
__f_r_,!_fk# . 4!_ l_,}_ A J‘.,-v,._f,,; J SR
«%._H*._FH‘_ —

MARS AEPS

L LAH,0 BOILER

MISSION FREQUENCY H/WK/AEPS
AEPS POWER PENALTY 100 WATT-HRS/LB l

VEHICLE POWER PENALTY -

Q]mNHE 0 - DHOG B /HR

Qv L4100 BTU/NR I ' lr !

NUMBER OF AEPS 1 A A A
t ‘; A-+_

TWATTS/LB |
| ‘ ,

[ S ——

— [P,

MISSION DURATION (DAYS)

N T I

30

FIGURE 6—11
MARS AEPS
N
40,000 T— Quancr  P-F500 BTUHI N
| TRANGE - —
TL/ .
[ Qg 1400 BTU/HR L
NI'MBER OF AEFS = 3 ! l
[ MISSION FREQUENCY - 5/WK/AEPS : —_
sn'nw L AEPS POWER PENALTY - 8.3 WATT—}[RS/[NE_.L__,:\__.f.__.
l 4 ‘ ‘[L W :L, + JTL + + 1 | H
I | 1 |
L ! [ 7‘ ! |
—r - e et 4
nunanl L o
- 1‘ | UL R—— i | e
| N
e .
e i i S A" SRR

EXPANDABLE /

[ERMAL STORAGE -

JCl

000 11 :
' __lT 1
~ . | L
o ﬁfJT%T |
0 5 1 30

MISSION DURATION (DAYS)

FIGURE 6—12

6-12 -



AEPS EQUIVALENT VOLUME (IN)

AEPS EQUIVALENT WEIGHT (LBS)

MARS AEPS

30001
3 Q“AN(PE 0-3600 BTU /MR | . Tsl:EDRRl:GIE
4 Q... 1400 BTU/HR ] T AGE -
2500': A;lv): POWFR PENALTY 8.3 WATT-HRS/IN3 T w—fm_ur | o PH,CI
Y BESES=S
i i 1
| —+ . Sl - EXPENDABLE /
20001 e : m————— T DIRECT
Tl A } 1 _IRADIATION
‘ 1./ X + jj
15001 . i —HERIAL STORAGE: .
. t * =t 172 | T -
—— e e e
i i L 1 r}‘ 1 L 1 11
T I N ! ¥ T
1000} e =
i IR 1] L ‘
i i 1 o
500 : ] + T M5 0| BOILER
I i i ,‘ sl
I | _ 71
) T ]
0 ! 1 ‘ L ! i
1 2 3 4 5 8 7 8 9
EYA DURATION (NRS)
FIGURE 6—-13
m[ I e e e S
Y A
114—| MARS AEPS ‘e l: .l._i_—: S T%%Jr_.*
= , _ - e B S b e RMA
10) Qance | 3600 BTU HR . *1 S S, i_ T y[l[EmAG[L_
F1Q, .y, 1100 BTU/HR - i e ; 1 i PH4C|
si;w AEPS POWEH PENALTY 100 WATT-HRS/LB ‘L—TI’ ' e T Jr_ - [
84 o kb s ™ oS ; | i -[XPE‘NDABLE/
et - T e
Ly ™1 1 T STORAGE—
-
54
po” -
2 -
= 5 e 1
| Ll " - e [ . _.l.__. P S It
0 =TT L] T -] e
0 1 2 k| 4 5 6 1 ]
E YA DURATION (HRS)

FIGURE 6—14

6-13/6-14






COg9 CONTROL/Og SUPPLY

6-15



VEHICLE EQUIVALENT WEIGHT(LBS)

VEHICLE EQUIVALENT VOLUME (INY)

SPACE STATION AEPS

3004 . :
- 1000 BTT /HR | j 4
N1 k. AEPS
-_NL MBER OF AEPS 3 SOLID AMINE —
| MISSION FREQUENCY  3/WK,/AEPS “L#* AEPS REGENERABLE
L—AEPS POWER PENALTY 100 WATT-1RS/LB -
- Zno - AEPS REGEN
_'\'El}{l( LE POUWER PENALTY 2 WATIS/LB i ol " ERABLE
| | A ZnG - VEHICLE REGENERABLE
T 1
} ; i
i PPt
200 7
A ‘
s
AT
r L V = Jr
| s .
100 1 — e
> -
i
T
" o
P 1
0
0 20 40 60 80 90
MISSION DURATION (DAYS)
FIGURE 6—15
24’m o ’ SPACE STATION AEPS T’I X ; 1 i ,}
LL Quupp (000 BTL/HR 4"* +q e
T NUMBER OF AEPS 3 e A P B
) MISSION FREQUENCY 5 WK./AEPS T T b 1
- oo 4 P S
20,000 AEPS POWER PENALTY 8,3 WATT-URS/IN * ! ‘

!
!
f
|
|
b

* Zn0O — VEHICLE REGENERABLE

Lo . : . :
S U S SO o GAPIORY PSR O S
4- L o e e U - S ! —
2001t —— -t - bope -
- 4 [ e e b e e
' H i ) i *
S “F*‘* — - 4 dod s ey
L 4 - — - ‘ - e i e e
8000 ¢ 1' F b A etk e e —
! b SOLID AMINE AEPS'REGENERABLE-
. b R A A - P
‘ 1 v R - — Zno - AF.‘PS REGENERABLE
4m - i [ . : ' N kf‘ﬁ—é_JﬁA»_‘_L L—-(
- T B b
| ‘ ; !
[ S i e e '7"* S AU —
i [ [ ; L AL,,‘. OSSP
o Lo | C * +
0 20 0 60 30 20

MISSION DURATION (BAYS)

FIGURE 6—16

6-16



AEPS EQUIVALENT YOLUME(IN®)

10004

SPACY STATION AEPS

Q

MET

1004 BTU AR

T T

L SOLID AMINE —

*-T AEPS REGENERABLE

i
- “ AEPS POWER PENALTY  B.3 WATT-HRS/IN? — <+
bt e e TSR S A S
i S P U ;
| —ﬁ_T T 1
e e S S . e e
800 | ‘ i e v

Zno — AEPS
REGENERABLE

Zn0 — VEHICLE

. ? REGENERABLE
——— —+— T 3 b : ’
Ll - Co : i : t +—
-,.‘ - R : - - o B L T ). + + ;
0 ; L# + i " [ L [
0 1 2 3 4
E VA DURATION {HRS)
FIGURE 6—17
40{»——4 SPACE STATION AEPS T . \‘
__ Q - 1000 BTU/HR | . T F ¢
—_ MET : ! o ‘
@ =T AEPS POWER PENALTY 100 WATT - HRS LB T "I 'T'* ‘l; 1 i { i i
- i 1 i [ ! ' " 'soLiD AMINE — AEPS REGENERABLE
= T T T
=N ! ; S s N B !
:-. lr J GO GRS S S ”j‘u B SER 4\<_+_4 i o + —
= A P S R R R 1 '
I
b -+ - 4777r7+ 1 FRN RN S L SRR S VU T S T J L l e
x | remd ZN0 - AEPS REGENERABLE
= [ N e
: 20 \ ; 1 3 —
= L A [ |
g ! I ! | \\ D
w RSN ) 1 B " T nG — VETNCLE REGENERABLE
o I R R T f
= = = j
-t L ! |
1 bl ]
L s
T
J : A
‘BN
0 |
0 1 2 3 4
EVA DURATION (HRS)
FIGURE 618

6~-17



ACCUMULATED RESUPPLY LAUNCH WT (LBS)

14,000

SPACHE ST AVTION

12,080

10,000

8000

6,000

4,000

2,000

RESUPPLY PERIOD 9 DAY S
NUMBER OF AED'S 2
MISSION 1 REQUENCY =3 WEEK AEPS I T
EVA MISSION DURATION | HOURS
Q\l}-'l‘ bon BT HR
Mk | | SOLID AMINE - AEPS REGENERABLE
I Zno - AEP3
1 REGENERABLE
E Zno - VEHICLE
REGENERABLE WITHOUT
COZ REDUCTICN
- bt 710~ vEHICLE
- REGENERABLE WITH
el €O, REDUC TION
-
gt
P1dd
4 8 12 18 20 bl 28 32 k13 40

NO. OF RESUPPLIES

FIGURE 6—19

6-18



4000 4+ 11 NAR BASE AEPS T T Y T 1T T ‘T "7
! ! B 3 I . H
e 1050 BTV ‘HR e S T S A [* t——
| e i e ..ZnO VEWCLE
NUMBER OF ARPS 12 ) . 4‘ . LEE?ENEE&ELE 4 _hﬂé
MISSION FREQUENCY  8/WK/AEPS R R 5 P ‘{'A_ﬂ
3000 4 | AFESPOWER PENALTY  LOWATTHRS LR L L f e dedin ] e |
= Lo VEHICLE POWER PENALFY 2 WATTS/LB - et G o /k I;_A
= - I : | : : : b
~ ‘ - o+ -
= 5 ; Zno - AEPS ;
‘._5 ) ! ‘7 i REGENERABLE | L }
S 2000 | |0 EOEEL
= H %
ov] ! L
haw | Lo —
; - 4 et . —
= , 1
S e T
—eg ) PR + 4 i
w : I - [ T
Xy > T T 1 i i ; : T H
= SOLID AMINE - AEPS IS S S B L ]
l: REGENERABLE | | 1 | L e L 7- ] :T ‘ i
T T T t . S ot i ~T — e |
I O D A I A O N O A U N B | [
20 40 60 80 100 120 140 160 180

MISSION DURATION (DAYS)

FIGURE 6—20

|zo,m.4[ [ e T o e
LUNAR BASE ARPS U ] o
L P 150 BIUCHR eeees b L i ]
- 4 NUAIBER OF AEDS 12 R T e s - R
100,000. 1 ‘* MISSION FREQIUENCY - 3 WK AEPS b g e —
ok - . — SR SR
© AEPS POWHER PENALTY .3 WATT-HRS N7 ‘ C !
- | T O .__1__,__7,,_{
o I T T O U P S S S
| Zno — VEHICLE R RAB| o
= 80000 { | Lo S .. . . . . EZnO~- VEHICLE REGENERABLE _ . ]
bl ‘
wd ' » . J " . . . - . . . - N ' - . . . . A - ¥ 7
g oL, e o o o i -
— N
= P i : d —
:aqm - 1 R L + f [N DU DU
= i P . . . SOLID AMINE -- AEPS
5 X | REGENERABLE
- b V,A»»—._.A:. J—
> } . .
= | o . S NS D
<7 40,000 i 1
- : AEPS REGENERABLE ]
:—3 e = —— - e | :71‘
= o -
Sulad
. e e e -

0 ¥ v v Al
0 40 80 120

MISSION DURATION (DAYS)

FIGURE 6—-21

6-19



AEPS EQUIVALENT YVOLUME (IN®)

AEPS EQUIVALENT WEIGHT (LBS)

LUNAR BASK AL DS
c"T\”'I' inan By tn T ' oot [ A A

AEPS BOW R PEAALTY w8 Watltii 1y 0  SOLID AMINE - AEPS REGENERABLE -

:
|
!
g ,..,;ﬁ.f,,.Agh“..AJ
8004 t i - ¢ o b ee s s e s s s - d 70 AEPS REGENERABLE ! -
I O e O I ‘ s
B T (i ——— ' s S
. ; — —m ———— [P S — - S
6004 ,;gjr,ﬁ e e e L et s nin e e
e 4

- I:ZGENERABLE }

EYA DURATION (KRS)

FIGURE 6-22

TUNAR BASE ABRS

4[]1»—~ Qypyop PaE0 BT HIR e T
ARPS POWER PEXALTY 100 WATT - RS LB . T

L T e -

- - SOLID AMINE — AEF‘S REGENERABLE - e

30 * e e e e e e i - Zn0  AEPS REGENERABLE

= ae e e A e e o e e e

v -
1 3 s — - e e
| . . P ! : -
: i
bt : | Pyt T LI [ -
e l e i -
J b , v .
L o S - e ‘

0 1 2 3 1 5 6 7 8
EVA DURATION (HRS)

FIGURE 6-23

6-20



ACCUMULATED RESUPPY LAUNCH WT (LBS)

PUNAR VYN

RESEEPTY DERION =0 DAYS
200,000 NUAEI OF ARps 12 T { [
T MISSION FREQUENCY 3 WEEK AN 1 1 E E I
BE P MIRSION BURATION < HOPRE J SOLID AMINE - AEPS | |
. ! REGENERABLE T
Wy 1o 41 HR
‘ | ,
150,000 - !
i * 1 a4
| —. Lot
-1~ ZnO — AEPS
N - REGENERABLE
LA WITHOUT o2
100,000 + REDUCTION
-
)
et 710 — VEHICLE
50,000 | e |~ REGENERABLE
WITH CO;
REDUCTION
-
H
G-+ v
i} L] 12 16 20 28 32 15 40

NO. OF RESUPPLIES

FIGURE 6—-24

6-21



4001

MAKRRALDPS

- Q\”._,[. oo e i
™ NUMBEN OF ARPS 5
- MISSION FREQUENCY 5WK AEDPS 1 R 1
ALPS POWER PENALTY 100 WATT HRS 1B T )i 1 1
—_ -
% 300 4+ VEHICLE POWER PEMALTY 2 WATTS LB - L ‘ - ' ,,‘—
P—t + 1 4 -— - —4 - - bt -
-~ P [ ; | i | :F IS |
.‘:E }T - ! frt t t : ——
w —_ .._,__,__fﬂl.‘-.;(; — .1‘_” +._,:L_._i, ,_J:,T‘N.___L._._ﬁ,tf_"zﬂo VEHICLE REGENERABLE
e - - H I o ;
k H
=
w200
-
= ]
=
= B
= |
- |
u-' 1
bx] ]
<
= 100 ]
Ld S W —
> ]
b
1
»
0
30
MISSION DURATION (DAYS)
FIGURE 6—25
u‘uuu 1 MARS AKPS o e —— _.*. 4—f7 i
- . - f + I -
F QMI: | 2 e B : ‘
TONUNBER OF AEPS 3 ‘r -~ - - —
N IESTEN FREQUENCY 3K AEPS L ZnQ — VEHICLE REGENERABLE
0000 7 pis powen PENALTY - T ;7 i
< WwATT-nns IN® - -
16,000 ' ‘ - -
= . l l,,,v PRI - [——
: ; : i 4 —
o I N | . e -
;l i —4‘|— Fp—— ﬁ-‘,-” mme e PR 4 - e e ‘ - s
SI2000 T e T T e et men e = s e e
= . Se i o b .— S T, 4 -
S ) o ;
= e i [
[*v) , ,
) o i - o4
( +
> g000 1 g ot Cee - SRR -
=) | - R Dl ey v i I
a i
ad [ ' b v P R T
- P . P ‘ 1 i : .
D400 1 - boio - et - -
fs - R b e T e e T
= : ! i : ; :
4 [ L H e S i S T e e e 1
i i H ' i i ' :
e e e e e e e P
o L L1 ] i o R
0 10 20 30

MISSION DURATION (DAYS)

FIGURE 6—26

-2



[-r]
=
[—]
L
™

17

3

MARS ARDPR

RIS

AEPS POWER PENALTY

1M Bt

b

wWAT - s

I

ek

L
b

4

1]

G
oot
Lode

——
—e

FQL }
.

T
J‘_ i
Zno

e

4

1

i

/
i V‘.
Do -

1
<t
L

14

_.,.

AEPS EQUIVALENT VOLUME (IN°)

S S

—

T T
VEHICLE REGENERABLE

F3
(=)

[
[—]

on

[—]
"
T

MARS

- @
-

MET

=

Ak P8

1200 1Ty

[~ AEPS POWER PENALTY

3

EVA  DURATION (HRS)

FIGURE 6—27

LOG WATT-HRS LB

Il

[

VEHICLE

Lﬁ»nL‘

~o
=

AEPS EQUIVALENT WEIGHT (LBS)

-—
(=]

Lottt ittt
T

L]
L]

——

3

4

5

EVA DURATION (HRS)

FIGURE 6—28

G-

23/6-24






6.2 Phase Two Effort

6.2,1 Shuttle AEPS

6.2.1.1 Results & Recommendations

6.2.1.1.1 Thermal Control - Of the original nine (9) thermal control subsystem
concepts carried into the go/no go evaluation, the following two (2) concepts success-
fully passed the go/no go, primary and secondary evaluations and were recommended

to be carried into the system studies:

a. Water Boiler
b. Water Sublimator

6.2.1.1.2 CO2 Control/0y Supply - Of the original seven (7) COz control/O3
supply subsystem concepts carried into the go/no go evaluation, the following six (6)
concepts successfully passed the go/no go, primary and secondary evaluation and
were recommended to be carried into the system studies:

a., LiOH

b. ZnO-AEPS Regenerable

c. ZnO-Vehicle Regenerable

d. MgO-AEPS Regenerable

e. MgO-Vehicle Regenerable

f. Solid Amine ~ AEPS Regenerable

6.2,2 Emerpency Systems

6.2.2.1 Results & Recommendations

6.2.2,1,1 Thermal Control - Of the original eight (8) thermal control concepts
carried into the go/no go evaluation, the following concepts successfully passed
the go/no go and comparative evaluations and were recommended to be carried into
the system studies:

Shuttle /Space Station

a. Water Boiler
b. Water Sublimator
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Lunar Base/Mars

a, Water Boiler

b. Water Sublimator (except on Mars)

¢, Expendable/Thermal Storage - PH,4CIl*
d. Expendable/Radiation - Heat Pump *

* Denotes a redundant primary system concept

6.2.2.1.2 CO2 Control/0O¢ Supply - Due to the overall system implications of
some of the candidate CO2 control/Oz supply concepts (specifically the open loop
and semi-open loop concepts), this evaluation was conducted on the system level,
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7.0 AEPS Operating Pressure

7.1 General

Selection of a suit pressure level is dependent upon the physiological and operational
constraints imposed on the crewman and his equipment by:

a, Denitrogenation requirements prior to decompression.
b. Oxygen toxicity.

The objective of this task is to establish an acceptable suit operating pressure level
and an EVA mission pressure timeline for the use of a one-gas (pure oxygen) EVA
Life Support System cperating in conjunction with a two-gas (oxygen: nitrogen) Space
Station, Lunar Base, Mars Excursion Module or Shuttle vehicle. To be considered
acceptable, the sclected pressure level should eliminate or require a minimum of
prebreathing, yet not adversely affect the crewman or his performance. This section
presents a discussion of decompression sickness and oxygen toxicity and their poten-
tial effect upon EVA.

7.2 Decompression Sickness

The problems associated with safe transporting from an area of high ambient pressure
to an area of low ambient pressure have had a significant limiting impact upon the per-
formance of caisson workers, divers, aviators and astronauts. The term used to de~
fine these problems is dysbarism. This includes 1) barotitis, 2) barosinusitis, 3)
gastro-intestinal, 4) gas embolism, and 5) decompression sickness (bends).

The first three of these abnormalities are primarily caused by trapped gases which
result from the evolution and expansion of dissolved gases., Any body cavity (paranasal
sinuses, middle ear, periodontal abscesses, and intestines) unable to equilibrate with
the ambient pressure during either a decompression or recompression could be a
potential source of serious difficulty. The difficulties resulting from trapped gases can
be minimized via such means as controlled diet; good health care, specifically ear,
nose and throat; adequate venting of body cavities, specifically valsalva-manuevers

or swallowing for middle ear relief; and passing flatus to ease abdominal discomfort.
These conditions, however, are not considered of real significance with regards to a
nominal or emergency EVA mission,

Gas embolism is not clinically synonymous with, nor a manifestation of decompression
sickness. It refers specifically to gas embolization (i.e., blockage) of cerebral
vessels subsequent to the rupture of lung tissue (parenchyma) by expanding gases.

This gas formation should not be confused with the bubble formation that occurs in the
circulatory system and/or tissues in decompression sickness. Gas embolization could,
however, be expected to result in rare instances in healthy individuals from transient
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7.2 (Continued)

blockage ol the respiratory pathways by general or loculized gas trapping in the lungs,
specilically in the alveoli as with atelectasis. Because acute atelectasis, as manifest
in aviators through exposures to combinations of acceleration and high inspired PPOg,
has been well documented, it is presented herein 48 a potential problem area to be
evaluated in terms of the selected EVA mission profile.

Decompression sickness is the result of intravascular, intracellular and/or extra-
cellular bubble formation. In general, bubbles of varying size tend to form in any
tissuc which has been saturated with an inert gas whenever the ambient atmospheric
pressure is decreased to the point where the tissue pressure of the gae is approximately
equal to twice that in the surrounding atmosphere. This results in a marked pressure
gradient which drives the gas out of solution. This 2:1 ratio is a generalized para-
meter, proposed by early researchers, based primarily upon saturation diving experi-
ences. It is based upon this theory, and later demonstrated, that the volume of No
which would be released during a controlled decompression wowld not vary significantly
{from a pathological standpoint) until the total pressure was approximately halved.,

Much research has been accomplished in recent years, both in the development of

Navy diving tables and altitude decompression curves, which indicates that this ratio
was too conservative for the fast tissues (i.e., saturation/desaturation) and not con-
servative enough for the slower tissues. The most current values for this ratio,

based upon empirical diving data and expressed in terms of balf-times for representative
tissue desaturation rates, are as follows:

Half-Time (Minutes) Safe Ratio
5] SRS
10 4,5:1
20 2,45:1
40 1.756:1
75 1,75:1
120 to 240 1,94:1

At the present time, thore is no universally accepted decompression ratic applicable
to the aviation-aerospace environment. However, in the absence of such data, a con-
servative value of 1.75 to 1 is considered reasonable. Unlike oxygen and carbon diox-
ide, which are actively metabolized or transported, the rate of diffusion of the inert
gas into the blood stream and thus into the expired air via the alveolar membrane, is
far too slow to cope with the volume of inert gas evolved. Thus, the gas comes out

of solution locally in the tissues to form bubbles. The number and slze of the bubbles
are proportional to the diffusion gradient existing between the partial pressure of the
inert gas in the tissues and its comparable partial pressure at the lower ambient
pressure, The greater the deviation from the pressure ratio gradient which has been
proposed based upon considerable manned and animal test experience, the greater will
be the number and size of the bubbles.
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7.2 (Continued)

The inert gas which is most commonly proposed as o diluent for space vehicles is
nitrogen, primarily becausce of the high gaseous nitrogen content in the normal sea
level environment. It has an oil-water solubility ratio of approximately 5:1, which
indicates a much greater solubility potential for fatty (adipose) tissues than for either
muscular tissues or blood. The amount of nitrogen which can be expected to evolve
out of solution depends upon the length of exposure to an environment containing nitro-
gen, the partial pressure of nitrogen in the environment, and certain composition
factors of cach individual. Obese individuals can be expected to dissolve considerably
more nitrogen than a lean, well conditioned individual. During a decompression,
nitrogen will evolve from all tissues of the body. However, to be climinated in the
expired guas, the nitrogen must be picked up and transported via the blood to the alveoli.
If a large amount of nitrogen has been dissolved (such as if equilibration had occurred
at sea level conditions), a watery ''tissue'" such as blood which is capable of holding
only about 1/5 as much nitrogen as fat, would not be able to remove in solution the
large amount of nitrogen at the rate at which it would evolve. Superimposed on this

is the critical fact that adipose and boney tissues are peorly vascularized, thus com-
pounding the perfusion (i.e., the quantity of blood to which the tissue is exposed)
limitation in gas transport. Consequently, intravascular {capillary) and intracellular
bubble formation occcurs,

These are various factors which predispose an individual to decompression sickness
and which definitely raise the need for screening processes in selecting candidate
crewmen. Some of these factors are obesity, age, general physical condition, and COg
accumulation tendency. In general, colder persons are more susceptible to decompres-
sion sickness than younger persons; this is apparently related to the status of the cir-
culatory system. An increase in physical activity level results in a more rapid satura-
tion of the tissues per unit of time than in a resting individual. This increased rate of
tissue saturation is due to the increased rate of ventilation and circulation resulting in
a more rapid transport of nitrogen to the tissues, An increase in COy tension in the
lissue appears to lower the threshold for bubble formation, which clearly points out
the reasons why excerceise is a detriment during decompression. Although the specific
mechanism of this phenomoenon is not clearly known, there is good reason to believe
that it may be due to the high solubility and diffusibility of carbon dioxide as compared
with nitrogen. There are other less well defined factors which also affect the suscepti-
bility of man to decompression sickness, such as temperature, water balance, medi-
cation and/or drugs.

It is of particular interesl o note that gross estimates of the incidence of decompression
sickness symptoms in individuals following standard decompression profiles such as in
Navy diving work and altitude chamber training flights place the occurrence as high as
4% in that specific population. Figurc 7-1 presents the results compiled from a num-
ber of studies in which test subjects were exposed for two hours after prescribed
prebreathing profiles to various simulated altitudes while at rest and while performing
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FIGURE 7—1. INCIDENCE OF INCAPACITATING DECOMPRESSION SICKNESS
AT VARIOUS SIMULATED ALTITUDES.
moderate exercise. Unfortunately there is a lack of information regarding the inci-
dence of decompression sickness when the duration of the exposure to the lower environ-
mental pressures exceeds the 2 hours. The experimental results at the present time
suggest that the incidence of severe decompression sickness at a given altitude increases
progressively with time, particularly at the lower altitude,

For virtually all cases of decompression sickness, except perhaps neurocirculatory
collapse which may require oxygenation and blood transfusions, the most practical and
expeditious therapy is recompression.

Protection from decompression sickness can be obtained by the controlled elimination
of the inert gas (i.e., nitrogen) from the body. This can be accomplished in two ways:
1) staged or uniform decompression, which 18 a very time consuming procedure of
allowing the body to wash out the nitrogen at a rate which is consistent with the capa-
city of both the lungs and the vascular system; and 2) accelerating this washout pro-
cedure by prebreathing oxygen at the initial equilibrated pressure for a specified
period of time. Of the two choices, only prebreathing oxygen prior to decompression
is feasible for any foreseen space mission.

The characteristics of inert gas exchange appear to be mainly determined by as well

as limited by the quantity of blood perfusion (i.e., vascularization) through the various
tissues of the body. In experiments conducted to determine the time constraints for
whole body exchange of candidate inert gases (i.e., nitrogen, helium, xenon) a statisti-
cally significant similarity of constraints was noted, Thus to no discernible extent do
the elimination values appear to be fixed by diffusion rate or by factors of permeability.
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7.2 (Continued)

Additional evidence that the gas exchange rate constraints are determined by the blood
tissue perfusion rates is that the circulation to the body tissues culculated from the
gas—-exchange rates closely upproximates cardiac output, and the regional perfusion
rates so calculated from gas-exchange are in agreement with existing measurement
from other sources,

The amount of inert gas eliminated during numerous research efforts was also in

close agreement with values calculated based upon solubility of the gas in body tissues
and the upiake during saturation periods based upon known time constants for the test
subject’s gas exchange. Aside from the consideration of differential solubilities of

the gases in blood tissue and fatty tissue, the prime limiting factor of gas exchange
appears to be blood-tissue perfusion rate of body tissues. This implies that the
diffusion rates of these dissolved gases are very rapid over such varied tissue and
cell barriers as exists in the body as compared to the rate of movement of blood through
the capillaries. In a consideration of inert-gas concentration in the tissues, it is
necessary to have an understanding of the specifics of vascularization of the tissue,

the proportion of arterial blood utilized/minute/tissue or organ, and an estimate of the
average rate of inert gas removed/minute during various phased denitrogenations.

The fraction of Ng removed/minute, except for body fat, has been found to be the same
as the blood-tissue perfusion factor. A factor of 0.3 means 30% removal of excess
nitrogen/minute. Gas exchange rate closely approximates blood tissue perfusion rate,
with of course the exception of body fat. Body fat has approximately the same vascu-~
larity as resting muscle, but the relatively high solubility of inert gases in fat, as
compared with blood, causes the gas exchange rate for Ng to be slower by a factor of
5 than the blood-tissue perfusion. Figure 7-2 presents a summary of an arbitrary

1 ) 120 180 240

BRE ATHING TR WUNUTES!
OR
DECREASE IN
ANIRIENT PRESSUKL
Rt +HERFNCF BENNE I'T, £.B,, ELLIOTT U, t+, EO. THL iy SIOLOGY ANDO MEDICINE
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BALTIVOREL, Tyed,

FIGURE 7—2. THE THEORETICAL TIME COURSE OF INERT GAS
ELIMINATION FROM TISSUES
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7.2 (Continued)

serics of climination rates for inert gas elimination from tissues. The various curves
with specific half-time constants represent the elimination rates for different types of
tissues found in the body. If the body tissues could theoretically be divided into six
compartments based upon inert gas elimination rate with each compartment being
formed of similar tissues, these curves delineate the problems to be faced in terms

of time to safely decompress.

Figure 7-3 presents the results of a specific series of tests to determine the rates of
elimination of nitrogen from various "tissuc-compartments' in the body. It shows the
actual whole body elimination profile (i.e., curved with plotted points) and estimations
of the various parts-of-the-whole as indicated were present in Figure 6-2 for the

a am e

TR

FIGURE 7-3, RATE OF NITROGEN ELIMINATION

discernible compartments, The half-time notations are presented to be consistent

with the theorized 2:1 safe pressure reduction ratio previously discussed and are merely
an indication of the minimum time to remove the critical quantity from the compartment
to ensure a reasonably safe decompression. There are similar elimination rate curves
for other inert gases, however, since Ny is the diluent gas of primary concern, other
curves are not considered,

Figure 7-4 presents the results of a significant test series which was conducted to
establish an empirical relationship between the No elimination rate of the whole body
and the blood perfusion rate. This research effort isolated two specific elimination
rates; the half-time of the fast component was estimated to be 12 minutes (i.e.,

8.013 uL of N2 per mL of blocd) and slow component nearly six hours (i.e., 1. 164/uL
of N2 per mL of blood). These constants appeared to hold true at both decompression
conditions evaluated. It was also found that only after denitrogenation sufficient to
reduce the dissolved Ny in the blood to approximately 1 x 10~3 ml per ml of blood could
any control of the bubble formation be affected. One of the most recent approaches to
predicting required prebreathing times for safe decompressions resulted from the test
efforts described above and is presented in Figure 7-5, This decompression profile
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PRESSURES. AEROSPACE MEDICINE, 1965, 418—425.

FIGURE 7—4. ELIMINATION AND REACCUMULATION OF DISSOLVED
No IN VENOUS BL.OOD OF MEN BREATHING DIFFERENT
No AND O, PARTIAL PRESSURES

exhibits close correlation with actual experience in both military and civilian aviation
as well as limited aerospace flights and simulations. The application of this pre-
breathing data, in light of the various physiological contributing factors mentioned
above, and the limitation of the final space suit working pressure to an equivalent
pressure altitude below the bends level (i.e., approximately 20, 000 feet), should
minimize the occurrence of decompression sickness during EVA operations.
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7.2 (Continued)

Another significant factor in the safe decompression of men is the associated activity
or exercisc level. There seems to be good correlation in the results of several
studies presented graphically in Figure 7-6 involving decompression - denitrogenation-
exercise profiles that a protection related limit exists beyond which no matter how
much pre-cxygenation is applied, there will be no appreciable increase in protection.
In every fractionation of the data available, no matter what the reduction/evaluation
criteria was, (% symptoms or % abort), an exercise limit of approximately 49%
protection was achieved,

It is most possible that this exercise limit effect has as its origin an increase in local
concentration of COy due to the excessive production of COy during exercise and the
limiting effects of high pressures of inspired Oy on the CO9 transport mechanism,

Tt has also been theorized that CO2 may be a significant contributor in terms of gas
volumes to the degree of bends when it occurs.
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7.2 (Conlinued)

One of the most critical factors in applying decompression sickness protection criteria
to future Shuttle, Space Station, Lunar Base and Mars missions is the frequency of ex-
posures which are presently anticipated. There is very little quantitative data available
to indicate the long term effects of or the potential hazards which may result from daily
or routine decompression excursions where O9 prebreathing is required, The present
experiences of routine exposures of military/civiliam pilots and altitude chamber crews
to decompression are not based upon any preestablished physiologically safe schedule,
but are more a function of required work load. The treatment and allowable time before
next exposure are established symptomatically: therefore, in terms of frequency of ex-
posure, no preliminary constraints are available,

Figure 7-7 presents a graphical summary of all available applicable data from

testing involving decompression sickness with prebreathing O, as a proventative means.
The individual curves are laken from a number of unrelated studies which emphasized
such varied effects as general physical condition, age, cardiovascular condition,
weight, degree of bends proneness, experience or training with decompressions, etc.

It is not presented herein for a point-by-point evaluation of each curve, but asar indi-
cation of the extremely wide limits within which non-military/non-test pilot type crew-
members for future space missions can be expected to fall, There is no best or even
recommended, curve in this figure, as indicated by the included qualifying attachment,
only specific population responses based upon personal variances.

The left ordinate in Figure 7-7 gives the body nitrogen as a percent of the physio-
logical normal sea level value., The percent tissue nitrogen retained and the percent
symptoms which are manifest are empirically synonymous. For example: Curves (1)
and (2) represent the highest and lowest percent of residual nitrogen and associated
percent bends protection found in the three specific tests which involved a population
ranging in age from 17 to 24 yvears; curves (3) and (4) represent the fastest and average
half-times in a single test of 18-year olds; curve (Ba) represents the average curve
for slow individual protection rates from a specific test involving moderate exercise
at simulated altitude (35,000 feet); and curves (5), {6), and (7) represent the data for
the percentage of symptoms retained at 38, 000 feet simulated altitude for 17-, 27-
and 35-year olds, respectively,

As previously stated and as further delineated in Figure 7-7, there is considerable
variation from person to person based upon a number of distinct physical, physiological
and anthropometric factors. The stability of the probability of group performance is
also striking and can b used to generate tables of the degree of protection afforded to
any similar group by preoxygenation of any duration against specific altitude. Table
7-1 presents the minimum - probable protection rate for preoxygenated populations as
compared with the same population without preoxygenation. The values in the table
represent the percent increase in protection or percent decrease in symptoms to be
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REFERENCE: NASA 5P 117 SPACE CABIN ATMOSPHERE, PART HI PHYSIOLOGICAL
FACTORS OF INERT GASES. E. M, ROTH, M D, 1967
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TABLE 7-1
PROTECTION (A) OF GROUPS (B), COMPARED WITH DECOMPRESSIONS
WITHOUT PREOXYGENATION

Preoxygenation Minimum Protection Probable Protection
(hours) (pexrcent) (percent)
0.5 16 26
1,0 29 45
1,5 41 59
2.0 50 70
2.5 58 77
3.0 61 83
1.5 70 87
1.0 ™ 91
1.5 79 -
5.0 82 -
b.5 85 -
6.0 86 -—
6.5 89 -
7.0 91 --

(A) Zero protection equals inc:dence of decompression sickness of group without Qg
prebreathing, while ascending to altitude at 4, 000 feet per minute.

(B) Group protection, not for iadividual protection.

(C) Reference: NASA SP-117 3pace Cabin Atmospheres, Part III Physiological Factors
of lnert Gases. E. M. Roth, M.D., 1967,
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7.3

7.2 (Continued)

expected in a population as a result of prebreathing based upon the generalized data
presented in Figure 6-7. An example of the use of this table is as follows: if at an

altitude of 35,000 feet a group experiences 70 percent occurrence of symptoms and

50 percent forced decents with no preoxygenation, with one hour of prebreathing the
comparable values would he 49.7% and 35.5%, respectively.

Oxygen Toxicity - Oxygen toxicity in man is a time-pressure dependent phe-

nomenon, the two being inversely related. The tolerance of both man and animals to
oxygen has been demonstrated (o decrease exponentially with increasing pressure.
Promplly upon beginning oxygen breathing and during the safe or symptom-free latent
period of useful exposure before overt oxygen toxicity occurs, oxygen produces a num-
ber of physiologically importan' effects. These chiefly involve respiration, gas up-
take, gas transport, hematologi cal response, cell metabolism, and tissue gas ex-
change. Although apparently hiirmless during the latent period, they bear heavily on
the rate of development of oxvgen toxicity. The following paragraphs summarize and/
or highlight the physiological bisis of the more significant factors, based upon an ex-
tensive information search incliding personal contacts. Most of the data available in
the literature pertaining to oxyjen toxicity are based upon a few specific tests which
were conducted under limited scope programs, where detailed analysis and data re-
duction was not accomplished, and follow-on testing to further delineate problem

areas and resolve apparent inconsistencies in the baseline was never attempted. Much
of the technical data is based upon animal experimentation, specifically the more cur-
rent theories for the mechanisms of Os toxicity, methods of increasing the latent peri-
od, and prevenlion of overt symptoms. This data is in many respects both physio-
logically and statistically significant in its potential impact upon the problem of Os
toxicity. However, it cannot be applied to man until considerable manned testing can
be accomplished, Most of the manned testing reported in the literature and reviewed
herein is of a qualitative nature in terms of the specific data points which result. Be-
cause of the potential hazards of exposing healthy men, even voluntarily, to high pres-
sure oxygen environments and continuing the tests through the clinically critical overt
symptom stages to define physiological responses and associated design criteria, very
little truly applicable data is available,

In normal respiring healthy individuals who have been breathing 100% oxygen long
enough (o eliminate most of the nitrogen from the lungs, the description of alveolar
gas at sea level conditivns can be expressed as follows:

POg 673 mm - Hg
PCOs 40 mm - Hg
PH»O 47 mm - Hg

ProTAa, 760 mm - Hg
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7.3 (Conlinued)

The washout of nitrogen from the alveolar gas of a normal lung occurs at an exponential
rate and should be approximately 98% complete in about seven (7) minutes. Normally
PCO2 which is held close to 40 mm Hg by the regulatory processes of the respiratory
control system, and PHoO which depends only on body temperature, can be expected

to remain very close to their sea level values, while the oxygen tension in the alveoli
will rise almost millimeter for millimeter with the rise in pressure of the ingpired
oxygen. In the normal exchange of oxygen between the alveoli and blood, the POg of
the preliminary capillary blood comes to within a fraction of a millimeter of equilibrium
with the oxygen tension of the alveolar gas. However, as alveolar PO is increased a
definite limitation of alveolar - pulmonary capillary oxygen transfer becomes evident,
This difference can be reflected in an alveolar-arterial PO, difference as large as
several hundred millimeters of mercury, specifically at 3 atmospheres of inspired
oxvgen. This limitation may well be due to the interference by high oxygen pressure
with the normal combinttion of hemoglobin and carbon dioxide (CO2), but it does not in
itself explain the observed interference with transpulmonary oxygen uptake (i,e., the
transport of Oy from the alveoler to the arterial blood.)

Arterial hemoglobin saturation with oxygen is normally about 96 to 98 percent, even
during air breathing in 1 sea level environment. Elevating the alveolar POg2 leads to

a further increase in the arterial oxyhemoglobin concentration until complete saturation
is reached. While arterial oxygen tensions of many thousands of millimeters of mer-
cury can be obtained by increasing the pressure of the inspired O;, hemoglobin oxy-
genation is self-limited, and essentially complete saturation oceurs at hetween 100 and
200 mm Hg. The physical solution of oxygen in the plasma of the arterial blood is not
limited and as such increases indefinitely in proportion to the rise in inspired PO»,
Figure 7-8 shows the expected vxygen uptake curve of arterial blood as delineated by
tests of normal men, a! rest, with an inspired PO, of up to 3.5 atmospheres. In the
area of the curve ahove the point at which complete saturation of the hemoglobin has

occurred, the slope of the oxygen uptake line represents the physical solution of oxygen
in the blood plasma as the inspired POg continues to increase,

The solubility of oxygen in blood and plasma is affected primarily by body temperature,
An increase in temperature will ghift the Os dissociation curve to the right, resulting
in less O9 being held by the hemoglobin at any given PO2. Normally this temperature
effect is of some aid in the release of 02 to the tissues, for the temperature is some-
what higher in the areas of actively metabolizing cells than near resting cells, result-
ing in a greater release of O2. The solubility of oxygen in the plasma at an average
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7.3 (Continued)

body temperature of 37C + 0.5C is approximately 0.0214 ml O2/ml plasma/atmosphere
of pressure. Because the solubility of oxygen is also greater in a given volume of red
blood cells (RBC) than in the same volume of plasma, it is necessary to take into
account the hematocrit (i.e., hemoglobin concentration or oxygen capacity) when esti-
mating the physical solubility of oxygen in the whole blood. Under normal conditions,
the solubility of oxygen in whole blood is approximately 0.0236 ml O2/ml hlood/
atmosphere of pressure. This means that for an increase of 760 mm Hg in the arterial
oxygen pressure, approximately 2.4 ml of oxygen will dissolve in each 100 ml of arterial
blood. Thus the solubility of oxygen in whole blood, as affected by both body tempera-
ture and blood cell volume, must be taken into account in estimating delivery of oxygen
to the tissues and assessing the resulting Og toxicity potential. In the normal air
breathing state, almost all of the oxygen supplied to tissue cells is derived from oxy-
hemoglobin in capillaries. However, when oxygen is breathed at such a high partial
pressure that it is supplied from physical solution, the oxyhemoglobin passes unchanged
through the capillaries iind serves no chemical function in oxygen transport. As hemo-
globin fails to release oxygen, this algo affects the transport of COy from the tissues.
Fully oxygenated hemoglobin is less effective than reduced hemoglobin as a buffer for
hydrogen fons. It is on this basis that an increase in arterial POy above normal leads
to a rise in tissue PCO¢ and acidity. An important consideration in exposure to high
POy, is the degree to which COy will accumulate in the tissues. In the normal air
breathing state, the deoxygenation of hemoglobin makes available enough basic groups
to transport the entire amount of CO9 produced by a tissue with an average respiratory
quotient of 0.7, and to do so without change in ph.

There is considerable evidence, based upon both manned and animal tests as well as
isolated incidences on Apollo flights, that discrete hemotalogical changes directly
related to the inspiration of oxygen at higher than normal pressures and/or the absence
of a diluent in the inspired gas have occurred. Specifically, changes in RBC mass and
the O2 transporting capacity of the blood have been obhserved on Gemini and Apollo
missions; destruction of RBC's (i.e., mild hemolysis), changes in white blood cell
(WBC) mass and other formed elements in the blood have been observed as subtle trends
or preflight and post-flight changes. However, the significance of these changes should
not be overlooked. It is acknowledged that the changes, specifically red blood cell mass,
may be the result of normal body compensatory mechanisms and that the parameteric
degradation is self-limiting, within safe limits. There is, however, no empirical data
available with which to evaluate the problem. It is impossible at the present time to
assess the potential impact of these problems upon an EVA mission profile involving
intermittent exposures.

The harmful effects of oxygen on the lung membranes and lung functions are due both
to chemical actions related to the increase in inspired POy and to the physical con-
sequences of excluding the inert carrier gas from the pulmonary passages. As with
any tissue, the primary cause of Og toxicity is the action of oxygen on the cellular
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7.3 (Continued)

melabolic processes. The rate of development and the degree of chemical dama ge to
the respiratory passages and the conjunctivae is porportional both to the POy and to
the duration of the exposure. The term "irritation" often used to describe associated
symptoms is a misnomer in that the effect is undoubtedly a distinet form of biocchemical
toxicity involving the cells of all exposed mucosal or serous surfaces. The effects
upon the respiratory irnct appear not only to have a threshold dose, but also to begin
only after a definite latent period. Although the concept of a safe latent period is con-
sidered valid, even on theoretical grounds, it should also be remembered that truly
objective means of determining the presence and degree of pulmonary or epithelial
irritation are not adequate for assessing pulmonary oxygen toxicity until it has become
subjectively prominent (i.e.; as a symptom). Figure 7-9 shows most of the available
and applicable information concerning pulmonary oxygen tolerance in man, In the
results of studies related to the evolving program for manned spaceflight, testing in-
volving pure O9 at a reduced ambient pressure of approximately 250 mm Hg has been
breathed by normal, healthy men for up to 30 days without chemical or other overt
pulmonary changes. However, pulmonary, nasopharynegel, and conjunctional irrita-
tions have been clearly observed in men exposed to pure oxygen at sea level pressures
(760 mm Hg) for 24 hours., Exposures for longer periods at the same O» pressures
has led to severe bronchopneunonia.

It should be noted that breathiny 100% Oo produces no overt biochemical toxicity when
the ambient pressure is maintained low enough so that the alveolar PO2 is not greater
than normal sea level value. This situation routinely exists in aviation and in an oxygen
filled altitude chamber or spacecraft where the total pressure is approximately 187 mm
Hg (P; = PO2). Although chemical oxygen toxicity under these circumstances is clini-
cally inconceivable, it has been demonstrated that random blockage of bronchioles,
even by normal secretions, can lead to diffuse, progressive, and eventually severe
pulmonary atelectasis due to rapid and complete absorption of the gaseous water,
carbon dioxide and oxygen from obstructed aiveoli. Pulmonary atelectasis is a very
real potential physical complication of oxygen breathing when the inspired POg is high
enough or the exposure long enough to produce a chemical pulmonary irritation, or in
the event other factors such as infection interferes with the patences of the terminal
pumonary passages,

Based upon the published reports of several investigators, an index of eminent overt
O, toxicity in man has been prepared which relates changes in the vital capacity of the
individuals versus the pressurc of inspired Op and the duration of the exposure. The
tests summarized in Figure 7-10 involved many exposures of normal human subjects
to higher than normal Og pressures, and compared the degrees of pulmonary hazard
(i.e., changes in vital capacity) with the risk of central nervous system {CNS) injury
as the duration of continuous exposure to pure O was increased to various pressures
which are directly related to treatment of bends. The CNS data is related to data
summarized in Figure 7-9. It should be noted that although these curves delineate
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7.3 (Continued)

an apparent quantitative physiological effect, the level of acceptable decrease in vital
capacity cannot he presently established and the effects or impact of intermittent
exposures as opposed to continuous exposures, as accomplished in these studies,
cannot be implied or assessed,

An overt symptom of CNS oxygen toxicity is a generalized convulsion, which in man
resembles the seizure of an epileptic. The convulsion is usually preceeded by the
occurrence of localized muscular twitching, especially about the eyes, mouth, and
forehead. Small muscles of the hands may also be involved and a definite incoordina-
tion of diaphragm activity in respiration may be noted. Once they begin, these symp-
toms increase in severity over a period that may vary from a few minufes {o nearly an
hour dependent upon POy, duration of exposure, activity level, etc. The convulsions
of Oq toxicity occur only after a "safe latent period" where length is inversely pro-
portional to the pressure of inspired oxygen. Considering the many factors that can
affect not only the dosc of oxygen at the cellular level, but also the chemical action of
oxygen on intra-cellular enzymes, it is not unusual that the latent period for the devel -
opment of gross convulsions varies greatly from person to person and even within one
person. The rate of development of oxygen convulsions is also increased by exercise,
a factor of significant importance in aerogpace applications. The physiological basis
of this influence has not been established. At least one of the possible factors for
explaining this relationship has been present in every study of Os tolerance in exercise,
but none in all; it is therefore not understood whether the neurophysiological effects
of muscular activity or an increased brain PO2 due to some interference with COy
elimination is responsible for the shortened latent period for oxygen toxicity, specif-
ically convulsions in exercise. If the conditions of pressure and duration of 2 single
oxygen exposure does nhot result in overt, acute manifestations of central nervous
gsystem or pulmonary toxicity, it is unlikely that clinically significant residual harm-
ful effects will be produced. This fact is well demonstrated by the extensive and

apparently successful use. of self-contained oxygen rebreathing apparatus by the mili-
tary, with daily exposures 10 high oxygen tension repeated for several months,

Complete prevention of the direct, intracellular, enzymatic phenomena of oxygen
toxicity is not presently possible; in fact, based upon the expressed opinion of principle
researchers in related fields, it is very unlikely that it will ever become possible to
successfully inhibit or prevent cellular oxygen toxicity from occurring in the presence
of high cellular oxygen tension. At present the most practical approach is to avoid
excessive pressure and the duration of exposure to oxygen.

One of the most promising and in fact practical experimental method being proposed
for extending man's ability to use high Og pressures is the use of a carefully controlled
schedule of alternations of exposure to high and normal levels of POg, Such purposeful,
brief interruptions of exposure to high inspired O2 pressures has markedly extended
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7.3 (Continued)

the oxygen tolerance or latent period in experimental animals, and indicates that their
rate of recovery from the direct toxic actions of oxygen is considerably greater than
the rate of development of overt oxygen toxicity. The alternation of low and high in-
spired POg offers a practical approach to increasing the duration of the total exposure
to a particular high Og pressure within a given time period. Unfortunately, no system-
atic extension of this principle to man has been attempted. TFor its full exploitation in
programs like the Shuttle program, the optimal relationships between the duration of
exposure to high POg and the length of the interruption of the exposure must be deter-
mined for various levels of inspired POg. In addition it must be recognized that the
relationships of rate of development of toxicity and of recovery from it will undoubtedly
be different for the pulmonary, central-nervous system [CNS) and other forms of O9
toxicity.

7.4 Effect on EVA

The present Apollo A-"L-B suit operates at 4.0 psia maximum and would require from
3 to 4 hours of oxygen prebreathing if utilized for any future planned EVA missions. This
prebreathing requirement is costly both in time and supporting equipment. If suit pres-
sure is increased to approximately 8 to 14.7 psia, the following advantages occur:

a. No prebreathing required.
b, No O2 purge required for transfer from cabin to EVA equipment.

¢, Other crewman may remain in cabin until needed for EVA emergency or
rescue.

The disadvantages associated with a higher pressure suit are:
a., Slight weight increase
b.  Somec advanced technology required

Ideally, the optimum suit pressure level is that level which eliminates prebreathing,
does not adversely affect the crewman or his performance, ‘and has a minimum impact
on the mission vehicle. However, to eliminate prebreathing requirements we must
elevate the operating pressure level of the suit to a level (approximately 8 psia) that
may or may not adversely affect the crewman due to O, toxicity. Therefore, before
suit pressure level can be selected, the physiological impact of the following factors
must be determined:
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7.4 (Continued)

a. Required veraus tolerable 09 prebreathing time,
b, Og partial pressure exposure limitations including frequency and duration.
C. Safe decompression/recompression levels, rates and frequency.

However, for routine exposures over an extended period of time, it appears there is
insufficient data available to establish a physiologically safe profile from either a de-
compression sickness or an oxygen toxicity standpoint. Too little is known about the
cumulative effects of frequent exposures to oxygen tension greater than normal sea
level values, and even less is known about the effects of frequent exposures to decom~
pression/recompression cycles, Just the daily decompression of crewmen based upon
experience with altitude chamber crews may be excessive hecause of the fatigue
resulting from the procedure, compounded by the physical exertion of the planned EVA,

The additive effects of these stresses have never been assessed theoretically or em-
pirically, Therefore, it appears that without a comprehensive test program specifi-
cally oriented to the application in question (either Space Station, Lunar Base, Mars

or Shuttle), establishment of an acceptable and safe physiological baseline is not pos-
sible.

Summary

For the purposes of the remainder of the AEPS system studies effort, the following
FEVA mission baseline requirements are recommended for use with a one-gas (pure
oxygen) AIPS in conjunction with a two-gas (oxygen nitrogen) Space Station, Lunar
Base, Maryg Fxcursion Module (MEM) or Shuttle:

a. Space Station - Lunar Base - MEM - Shuttle Atmosphere

- P7 = 10,0 - 14.7 psia
- POy = 3.3 psia
- Diluent == Nitrogen

b. Minimum pre=breathing period at total base pressure (10, 0~14. 7 psia), 100%
02 is 43 minutes,

c. Decompression rate shall not exceed 1.0 psi per second,

d. AEPS working pressure is 6,75 psia with a maximum exposure time of
8 hours.
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7.5 (Continued)

e. Recompression rate shall not exceed 0. 10 psi per second.
f. Minimum off-duty time for crewmen returning from an 8 hour EVA is 24
hours.

The recommended crewman pressure timelines for a Space Station/Shuttle EVA and
for 2 Lunar Base/Mars EVA are presented in Figures 7-11 and 7-12, respectively.
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